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ABSTRACT 

The primary objective of this s tudy was to explore the use of 

classical linear mode l s  in Energy Analys i s ;  s o  a s  t o  resolve some o f  

the methodological problems assoc iated with Energy Analysis , and to 

extend the scope and potential of Energy Analys is as a scientific 

discipline . This was undertaken in the form of  two separate yet 

related discourses . 

The first discourse provided a basis for resolving the energy 

quali ty problem encountered in Energy Analysis . A general equation was 

hypothesi zed and tested : 
i=j i=j i=j m, Lt= I (YJ)I + m2 Lt= I (Y2)1 + . . . mn Lt= I (Y,Ji 

i=j i=j i=j 
= nl Li= I (XI)i+ n2 Li= I (X2)i + ... nn Li= I (Xn)i 
where : y = e ffective energy output of an end-use class (6H output ) ,  

known 

x = primary energy input ( 6H input ) ,  known 

m = quality coefficient for an effective energy output ( quality 

equivalents/ 6H output ) ,  unknown 

n = quality coefficient for a primary energy input ( qual ity 

equivalents/ 6H input ) ,  unknown 

i = energy supply use pathways , j = number of pathways . 

The matrix of s imultaneous linear equatiorErepresented by this e quation 

is  usual ly overdetermined . Therefore , an appropriate solution method 

is a fi tting procedure , such as regression . Further ,  in order to solve 

this general equation , one coefficient must arbitrarily be given a 

value e qual to unity . Henc e , all estimated coefficients are expressed 

in terms of mul tiples of that coefficient ( termed quality equivalents ) .  

The general equation was first tested for the 1 97 6  New Zealand 

economy , so as to estimate ' actual ' quality coefficients . 

Subsequently , the general equation was tested for a notional ' energy 

efficient ' New Zealand e conomy , so as to es timate ' long run ' quality 

coefficients , whi ch reflected thermodynamic limits . Generally very 

accurate estimates of the coefficients were obtained . The solutions to 

the equations indicated that hydroelectricity was the h ighes t  quality 
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primary energy sourc e , followed by natural gas , oil , coal and  then 

wood . 

The second dis course examined the ' optimal ' use of  primary energy 

resources in the New Zealand food system , using the formalism of Linear 

Programming . A preliminary dis cussion concluded that the concept o f  

' optimality ' had greater potency than the concept of ' efficiency ' in 

evaluating the use of energy resources , particularly in food systems . 

For each food sector  ( Production , Processing , Export-Import , 

Distribution , Catering and Household ) ,  coefficient matrices were 

assembled , drawing on l i te rature data . Various combinations of  

constraints and objective functions were applied , in different Runs . 

The main obje c tive functions used were minimising energy inputs for 

providing a nutritionally adequate diet , or maximising net energy gain 

from exporting agro-food produc ts . The most  critical const raints were 

found to be land area and market demand constraints .  

Detailed results o f  the Linear Programming runs are presented and 

discussed . An energet ically ' op timal ' diet was found to consist  of 

large amounts of c ereal s ,  s ignifi cant amounts of fresh fruit and 

vegetables and dairy products , and a very small amount of meat . Such a 

diet provided the Recommended Daily Allowances , for all nutritional 

elements , for the New Zealand population . Meat , Fish and Dairy 

products were found to have a particularly important function as 

commodities to be traded for imports of oil and energy intens ive goods . 

A final di scussion reviewed the use of Linear Models in Energy 

Analysis , and future directions for growth and development in Energy 

Analys i s .  
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PREFACE 

This thesis is part of  two research programmes being undertaken in 

the Food Technology Research Centre . The first research programme 

began in the early 1 970 ' s ,  and has attempted to introduce quantita tive 

techniques ( principally Linear Programming and Extensions ) to product 

development and diet planning . This has resulted in a number of  PhD 

d issertations ( Edwardson , 1 9 7 4 ;  Anderson , 1 9 75 ; Chittaporn , 1 977 ; 

Ngarmsak, 1 9 83 ) .  The second research programme was initiated in  1 977 , 

and has at temp ted to quan tify energy use in the food sys tem , and to 

identi fy ene rgy conse rvation measures particularly applicable to the 

food processing secto r .  This research has been funded b y  the New 

Zealand Energy Resea rch and Development Committee . The mate rial for 

this thesis has been drawn from the findings of Contract 3 1 23 " Energy 

Requirements for Food Supply in New Zealand" .  

Much of the details of  surveys undertaken for Contract 3 1 2 3  and 

used in this thesis have been published by the N . Z . E . R . D . C . ,  under the 

author ' s  name . Readers are recommended to refer to these reports  for 

further details : 

( 1 )  Patterson , M . G .  and Earle , M . D .  

Industry . N . Z . E . R . D . C .  R eport P 6 6 .  

1 982 . Energy Use i n  the Cat ering 

( Appendix F ) . 

( 2 )  Patterson , M . G .  and Earle , M . D .  1 982 . Total Energy Requirements 

of  Shopping for Food . N . Z . E . R . D . C .  Report P 6 7 . ( Appendix G ) . 

( 3 )  Patterson , M . G .  and Earle , M . D .  1 982 . Total Energy Requirements 

of the Wholesale Dis tribution of  Foods . N . Z . E . R . D . C .  Report P 6 8 . 

( Appendix H )  • 

( 4 ) Patterson , M . G .  and Earle , M . D .  1 982 . Total Energy Requirements 

of  the Household Preparation and Storage of  Food s . N . Z . E . R . D . C .  

Report P 69 . ( Appendix I ) . 

( 5 ) Patterson , M . G .  

o f  Food Retailing . 

( 6 ) Patterson , M . G .  

Zealand Food System . 

and Earle , M . D .  1 9 82 . Total Energy Requirements 

N . Z . E . R . D . C .  Report P 7 0 .  ( Appendix J ) . 

and Earle , M . D .  1 9 84 . Energy Use i n  the New 

N . Z . E . R . D . C .  Report ( In Press ) .  

Another paper that s ummarises much of  Part A of this thesis , has also 

been published : Patterson , M . G .  1 983 . E stimation o f  the Quality of 

Energy Sources and Use s . Energy Policy 1 1 : 4 3 4 6-359 ( this paper 

appears in Appendix A ) . 
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1 

INTRODUCTION 

1 . 1  Objec tives and Approach 

Classical Linear Modelling methods have been widely applied in 

Economics . However ,  despite the functional similarities between Energy 

Analysis and Economic s , Linear Modelling methods have only gained 

limited application in Energy Analys is . Hence , the main purpose of 

this study was to explore the further use of  Linear Modelling in Energy 

Analys is , with particular emphasis being placed on resolving the 

methodological problems encountered in Energy Analysis . The approach 

in this thes i s  was to firstly examine the use of Linear Models in 

Economics , and to review the methodological problems facing Energy 

Analys is . From this basis , the main foci of the study were two 

specific applications of Linear Regression and Linear Programming 

technique s . These two separate yet related d iscourses will : 

( 1 )  apply the use of Linear Regression to resolving the Energy 

Quality Problem involved in Energy Analysis , using data 

for the New Zealand Economy . 

( 2 )  apply the use of  Linear Programming to investigate what 

constitutes the 'opt imal ' use of primary energy resources 

in the New Zealand food system . 

This evaluation o f  ' optimal i ty '  fundamentally depends on the initial 

resolution of the energy quality problem . A final objective was to 

critically review these two applicative dis courses , and to evaluate the 

further scope and potential for using Linear Modelling techniques in 

Energy Analysis . 

1 . 2 Background 

1 . 2 . 1 Energy Analysis and its Development 

1 . 2. 1 . 1  De finit ion 

Energy Analysis ( E A )  can be de fined as the discipline that is 

involved in the measurement and objective analysis of energy use in any 

process , system or economy ; and in the appli cation of such information 

so as to aid decision making . This is  a somewhat broader definition of  

EA than that which is usually a fforded to EA . Usually , definitions of  

EA ( e . g .  Carter , P e e t  and Baines , 1 982 ; Slesser , 1 97 8 )  only refer to  

the accounting procedure of i denti fying and measuring energy inputs ( or 
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requirements ) for a given product or system . However , the uses and 

applications of EA which are proposed and d iscussed in the literat ure 

( Gil liland , 1 97 5 ;  Pearson , 1 977 ) , go far beyond mere "energy 

accounting" which is implied in the above cited de finitions of Energy 

Analysis . Therefore , it i s  considered correct and appropriate to 

indicate thes e  uses and appl ications of EA , in the definit ion of E A .  

It  should be noted , that the relationship between Energy Analys is and 

Energy Accounting , can be considered to be analogous to the 

relationship be tween Economics and Financial Accounting . 

1 . 2 . 1 . 2 His tory and Origins of Energy Analysis 

The term " Ene rgy Analys is" was first coined in the early 1 970 ' s ,  

mainly to describe the " energy accounting" procedure referred to a bove . 

Since , then the discipline has grown and developed , initially at quite 

a rapid rate and now at a s teady rate , as evidenced by the amount of 

articles produced in the scienti fic literature . However ,  it should be 

recognised that many of the concepts and ideas that now form the basis 

of EA , had their origins wel l  be fore EA first became recognised as a 

discipline . 

Notably , Soddy ( 1 9 1 2 ) , a Nobel Prize winner ,  suggested as long ago 

as 1 9 1 2 ,  that energy was a more fundamental uni t  of account than money , 

which is a very similar notion to that suggested by Odum and Odum 

( 1 97 6 ) . Similarly , Cottrell ( 1 9 5 5 )  in his book "Energy in Society" , 

identi fied the net energy concept , well be fore it  gained wider 

currency . In the 1 9 60 ' s ,  a number of studies used EA technique s , to 

examine energy use in agricul tural systems ( Costes , 1 96 4 ; Le Pori and 

Staple ton , 1 967 ) and the Dow Chemical Company used EA techniques to 

determine the ener�y requirements of chemical products ( Smith , 1 9 68 ) .  

However , the early 1 97 0 ' s  saw the real beginnings of  EA as a 

discipline . Odum ( 1 97 1 ) published his book " Environment , Power and 

Society" , which is considered by many to have provided the earliest 

stimulus for the growth in EA which followe d .  Although i t  should b e  

recognised that a t  about the same time other influential and seminal 

works appeared .  For example ,  George scu-Roege n ' s  ( 1 9 7 1 ) book "The 

Entropy Laws and the Economic Proces s " ; and Hirst ' s  ( 1 9 72 ) and 
� 

Heredeen ' s  ( 1 9 7 3 )  works on Input-Output studie s . From this point 
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onwards the growth of EA , was quite rapid . Many of  the early stud i e s  

( Duckham , 1 97 3 ; Leach a n d  Slesse r , 1 97 3 ; Lawton , 1 97 3 ; Pimentel 

et al . , 1 973 ; Borgstrom , 1 97 3  and Gifford and Millington , 1 97 3 ) 

concentrated on energy analyses of  food and agricultural systems . 

There was also a n  early growth in energy Input-Output studie s  

( Wright , 1 974 ; Herendeen and Bullard , 1 97 4 ; Reardon , 1 972 ) and 

thermodynamic s tudies ( Berry and Fel s , 1 972 ) . Much of this early 

growth was further stimulated by the oil price hike that occurre d  in 
late 1 97 3 , which consequently heightened public and scientific 

awareness  of the vital role of  energy in economic processes . 

From this early work , emerged an obvious requiremen t  to e stabl i s h  

conventions , methods and technique s ; 

used in EA . In 1 974 , the I . F . I . A . S .  

and t o  standardise terminologie s  

( 1 9 74 ) , held a workshop attend e d  

by many of the early workers in the field , which aimed to fulfill thi s 

requirement . This workshop recommended a s e t  of conventions and 

methodologies , which have s ince been used quite widely , al though far 

from universall y . From this point onwards ,  EA studies continued to 

proliferate in the scientific l iterature . Many of  the more influential 

articles were publ ished in the j ournal " Energy Policy" ( Chapman , 1 97 4 ; 

Chapman , Leach and Slesser , 1 97 4 ; Wright , 1 974 ; Chapman , 1 97 5 ; 

Berry , Long and Makino , 1 97 5 ) , with the entire issue of the December 

1 97 5  journal being devoted to EA . These papers covered a wi de range of  

subjects incl uding energy analyses of chemicals , materials and  energy 

production , and addressed the methodological issues facing EA . 

Other important articles , covered new areas such as the energy 

re quirements of packaging ( Bousted , 1 97 4 )  and nuclear power stations 

( Chapman and Mortimer , 1 9 74 ) ;  as well as further studie s of agro- food 

systems ( Leach , 1 976 ; Ste inhart and Steinhart , 1 97 4 ) . In 1 976 , H . T . &  

E . G .  Odum published their second book in this field , entitled "Energy 

Basis for Man and Nature " .  This book further expanded upon and 

clari fied concepts firs t  devel oped in 1 97 1  ( Odum and Odum , 1 976 ) . 

Although this book again had quite an influential effect on EA , the 

growth of EA consolidated from this point on ; both in terms of the 

volume of literature produced , and in terms of the introduction of  new 

concepts and methodologies . Furthermore , it  should be noted that many 

of the original controversies over methodology and the application o f  

EA , s till exis t  and are yet t o  be resolved . 
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1 . 2 . 1 . 3 Methodological Approaches 

Several methodological approaches have emerged over the last 

decade : 

( 1 )  Process  Analysis This i s  probably the most commonly used method i n  

EA . The main aim o f  the analysis is to calculate the to tal energy 

requirement for producing a product . The first stage i s  to iden tify 

all the inputs ( dire c t  and indirect ) required to produce a product -

this is sometimes done by way of  using the flow diagram symbols 

recommended by the I . F . I . A . S . ( 1 9 74 ) .  The second s tage is  to assign 

energy values to each input , so  that they can be summed so as  to 

determine the total energy requirement of the product . This method i s  

generally accepted t o  b e  the most accurate method o f  determining the 

Energy Requirement of a product or process . However ,  the parti tioning 

problem is  often encountered when using Process Analys is . The 

partitioning problem refers to the problem of allocating one energy 

input , to several outputs of a process . Problems can be encountered i n  

obtaining data which i s  representative of  the processes involve d - that 

is , a sampling problem i s  often encountered . 

( 2 )  Input-Output Analysis Input-Output ( I- 0 ) tables are used to 

determine the total energy requirements ( MJ ) , per unit output ( $ ) of 

any sector in the e conomy . Since I-0  table s  are available in almost 

all countries , the method is widely applicable . However ,  there are 

many problems and limitations associated with I-0 analys i s :  ( a )  There 

is quite a substantial time de lay , from the time of the survey to the 

time the table s  are published ( often 5- 1 0  years ) .  During this time 

many technical and economic factors could have changed the coefficient 

in the I-0 matrix . ( b )  The outputs ( $ )  of  many sectors is  often very 

heterogeneous , so there fore it is di fficul t to identify exactly what 

the output is , and attribute an energy requirement per unit  of product . 

In reality there is often a quite substantial variation in the energy 

requirements of different products produced by the same industry , but 

I-0 analysis assumes these energy requirements to be the same ( c )  

Difficulties which are not insurmoun table ,  are often encountered in 

dealing with imported commodities , as no energy coefficients are 

available for these . The main advantage of I-0 analys is , is  its 

systems approach , which makes i t  use ful in macro-systems studies .  

( 3 )  Thermodynamic Analyses These sets of methods include Second Law 

Analysis ( Connolly and Spraul , 1 975 ) ,  Availability Analysis  ( Sussman , 
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1 977 ) , and Exergy Analysis ( Ahern , 1 980 ) . All these methods aim to 

examine the thermodynamic e fficiencies and limits to processes . Thes e  

analyses tend t o  focus o n  theoretical rather than actual energy 

requirements , and therefore often provide insights to future energy 

requirements and the development of technology . The major problem with 

these method s , i s  that they l ack applicability to larger s cale 

problems , and often because of  the lack of data can only be applied to 

small scale , narrowly defined problems . Georgescu-Roegen ( 1 97 1 ) has , 

nevertheless , provided theore tical thermodynamic constructs for large r 

scale systems , but they are as  yet to be applied . 

( 4 )  Eco-Energetics This refers to the methodological approach used by 

Odum and Odum ( 1 9 76 ) .  I t  i s  based on ecological systems modelling , 

which uses a circuit l anguage to describe energy flows in systems . I t  

is notably different from I - 0  and Process Analysis , i n  that it  includes 

energy values for solar energy and labour ; and it  at tempts  to convert  

a ll  forms of  energy to common quality units ( Fossil Fuel Equivalents ) .  

Some analys t s  from this school of thought , view eco-energetics as  a 

replacement for conventional economics , and as the basis  for an " energy 

theory of value" .  Understandably , this view has drawn much criticism 

from economis t s  ( Edwards , 1 976 ) , and those who practice the o ther 

methods of EA . The main advantage of Eco-energetics , is  its systems 

approach which focuses on the interdependencies in and between natural 

and economic systems . 

The firs t  three approaches to EA are not mutually exclusive e i ther 

in theory or in practice .  Process analysis often utilizes I-0 anal yses 

to compute indirect inpuls orat least some of the indirect inputs 

( Bullard et  al . ,  1 976 ) . I t  should be noted that this method of 

analysis was used in the data collection phase of Section B of this 

thes is.  Process Analys is , often involves elements of thermodynamic 

analysis , when comparing the actual with the theoretical energy 

requirements of a process . However , Eco-energe tics has rarely , if  

ever , been combined with the other forms of  EA and is often singled out 

as being "fundamentally" di fferent to o ther forms of EA ( e . g .  Fluck 

and Baird , 1 98 0 ) . 
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1 . 2 . 1 . 4 Methodological Problems 

The following methodological problems , which have been often used  

in criticism of  EA , have been  widely identified in the l i terature 

( I . F . I . A . S . , 1 97 4 ; Leach , 1 97 5 ;  Pearson , 1 97 7 ) : 

( 1 )  Boundary Problem The problem is one of  what inputs ( and sometimes 

outputs ) should be included in the problem . Firstl y ,  what energy 

inputs should be included?  The I . F . I . A . S .  ( 1 974 ) recommended only 

including "non-renewable" resources , although this recommendation i s  

far from universally accepted . Odum and Odum ( 1 976 ) , and others from 

the eco-energetics  s chool of thought include renewable resources such 

as incident solar energy . Secondly , should labour inputs be included , 

and if so how? The I . F . I . A . S .  ( 1 97 4 )  recommended , that when 

considering industrial or developed systems , it  was not necessary to 

include labour inputs , as  they were not important .  However ,  the I . F . I . A . S .  

( 1 97 4 )  did recommend that labour inputs be included i n  low inte nsity 

agricul tural systems as  in these systems they were considered to be 

important . The problem o f  what " energy val ue "  to attribute to labour 

inputs , if they are included , i s  difficult to resolve . The following 

methods have been suggested : ( a )  muscular energy output of  manual 

labour ( Makhij ani , 1 97 5 ) ,  ( b )  total energy content of food consumed , 

sometimes reduced for the proportion of  man-hours worked per day 

( Newcombe , 1 97 5 ; Pimentel , D . , e�t�-=a=l., 1 973 ) ( c )  lifestyle support 

energy ( Odum and Odum , 1 976 ) . This has the problem of d ouble counting 

associated wi th it . ( d )  energy equivalent of labour , determined by 

examining labour energy substitutions ( Echi buru , 1 977 ) . The third 

boundary problem which is considered in the literature is  - how far 
� 

back should a particular input be traced: For example , should the 

machines that make the machines be included in the analysis? 

( 2 )  Valuation Problem The problem here , is  one of find ing a unit of  

account ( or numeraire ) .  Different forms o f  energy have different 

qualities ,  different supply characteris tics ( some are flow resources , 

some are s tock resources ) ,  different abilities to do work , different 

degrees of cleanliness and so on . Some means is required to equate 

these different energy sources , particularly one which takes account of 

energy quality ( thi s  i s  often referred to as the energy qual ity 

problem ) . The normal means of  measuring energy , that is  by enthalpy ( 6H )  

or heat measurements , does not take into account the qual ity or grade 

of the  energy . Several techniques have been suggested for overcoming 
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the energy quality problem : Available Work Analysis , Exergy Analysis 

and the use of Fossil Fuel Equivalents ( FFE ) . None of  these techniques 

has gained anywhere near unive rsal acceptance , and all of them have 

problems and limitations to thei r  use . If  EA is  to gain acceptance a s  

a n  evaluative technique , i t  i s  a fundamental requisite that this 

valuation problem be resolved , particularly the energy quality e lemen t  

of thi.s problem . 

( 3 )  Partj.tioning Problem This refers to the problem of allocating one 

energy input to several ( or mul tipl e ) outputs of  a proces or system . 

For example ,  a given amount of  energy ( MJ ) is required to produce 

essentially 2 products from a sheep farm : wool ( kg )  and meat ( kg ) . 

The problem arise s , when the energy input (MJ ) has to be allocated t o  

the outputs ( kg ) . The I . F . I . A . S . , ( 1 9 7 4 ) , recommended 4 pos sible 

conventions for partitioning : ( a )  assign all energy requirements to 

the output of  i nterest  ( b )  assign energy requirements in proportion to 

financial value or payments  ( c )  ass ign energy requirements in 

proportion to some physical parameter  characterizing the system ( e . g .  

weight , volume , energy content ) ( d )  assign energy requirements in 

proportion to marginal energy savings which could be made if the good 

or service were not provided . All these conventions , are very 

arbitrary , and none of them has gained widespread acceptance . 

Regression analys is has provided a useful tool for ove rcoming this 

partitioning ( or allocation ) problem , where the outputs are produced 

in quantities not proportional to each other . For example ,  Cleland , 

Earle and Boag ( 1 9 8 1 ) ,  used regression analysis to al locate energy 

inputs to mul tiple products from food factories . When the outputs are 

proportional or  near proportional to each other ( e . g .  in the case of  

meat and wool production from a sheep farm ) , the problem is said to be  

confounded or aliased , and cannot be  solved by  regres sion analysis . 

Regression analys is has also been used successfully by others ( Jacobs , 

1 98 1 ; Rao et  al . ,  1 98 1 ) .  I t  should be noted that the parti tioning 

problem is less evident in EA when a systems modelling technique is  

used , as sys tems equations c an  accomodate mul tiple inputs and mul tiple 

outputs . The partitioning problem only really arises when s ingle 

products are examined ( e . g .  in Process Analysis ) .  

Other methodological problems aris ing from both the theory and 

practice of EA have been identified in the literature ( refer to 

Pearson, 1 97 7 ) . However ,  they a re less serious , and present l e s s  
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fundamental cri ticisms o f  E A .  

1 . 2 . 1 . 5 Uses and Applications 

Much debate on the uses and applications of EA has taken place i n  

the literature , particularly in terms o f  EA ' s  relationship with 

Economics ( Webb and Pearc e , 1 97 5 ; Edwards , 1 976 ) . 

However ,  there is a fairly wide consensus that EA has an important 

role to play in energy conservation . A systematic EA of a process o r  

system can often identify areas o f  inefficient energy use , and iden t i fy 

areas of the greatest potenti al savings . This was found to be the c ase  

in the author ' s  systematic study of  the New  Zealand food system 

( Patterson and Earle , 1 984 ) .  Second law analyses can give a particular 

insight to the potential for energy conservation - the theoretical 

minimum energy requirements of a process can be compared with the 

actual energy requirements . These minimum energy requirements can b e  

s e t  as standards to at tain both in terms o f  performance and design . 

Pearson ( 1 9 7 7 )  also suggested that EA can provide consumer information , 

and therefore indirectly l ead to energy conservation , as cons umers 

al ter their behaviour in response to this information . 

As mentioned above , the greatest debate concerning EA�s use and 

value has focused on i ts potential role in or in place of Economics , 

and its role in publ ic policy formulation ( Slesse r ,  1 973 ; Gilli land , 

1 977 ; Webb and Ricke t ts , 1 98 0 ) .  At one extreme , proponents view E A  as 

a replacement for Economics , or at least in a role more important than 

Economics in publ ic policy formul ation ( Odum and Odum , 1 976 ) .  Energy 

is considered to be the primary resource which "drives " all natural and 

economic ac tivities ; and furthe rmore i t  is the only resource which is 

absolutely depletable . All o ther resources can be manufactured , or  

recycled out  of existing or virgin materials , by  using energy inputs . 

Whereas , energy is degraded when it  is "used" , and can only be 

up-graded by other energy inputs , which are in turn degraded ( Second 

Law of Thermodynamics ) .  From this basis , it  is argued that energy is a 

more fundamentally important uni t  of accoun t  than money , and the refore 

EA is more fundamental in i ts basis than Economics . Proponents of this 

view have been accused of  proposing an " Energy Theory of Value" by 

Economists ( Webb and R icke t ts , 1 9 8 0 ) . 
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A more mode rate view of EA , considers that EA can be used to 

inject energe tic variables into existing e conomic theory ( Slesse r ,  

1 978 ) . Economi c mode l s  and theories do not recognise the fundamental 

and unique nature of energy . Labour , Land and Capital are a fforde d  

more importance i n  mos t  e conomic models , and i n  many ways Energy s hould 

be afforded at  least equal importance to these variables . For the mos t 

part Economists , have given " l ipservice" to this view , and have 

continued to treat energy as any other input into the economic proc e s s , 

even in so called " energy model ling" exercises ( e . g .  refer to Vogely , 

1 97 4 ) . 

Another view is that EA is not a replacement for Economi cs , or  a 

means of injec ting energetic val ues into e conomic theory ; but a 

complementary discipl ine to Economics ( Carte r ,  Peet and Baines , 1 9 8 1 ) .  

That is , EA can provide the policy-makers with data and information , 

which Economics cannot . In this way , it is cons idered to be one o f  the 

several discipl ines that can provide useful inputs into the 

policy-making process . Commentators have various views on exactly what 

weight should be placed on the importance of the EA input into the 

policy making process . 

Many of the more specific appli cations and uses of  EA are outlined 

by Pearson ( 1 9 77 ) .  Net energy analysis  is  considered by many to b e  one 

of the more important applicat ions of  EA . Energy production processes  

can be examined so  as to  ascertain if they produce net energy - and i f  

so how much? It  is considered important that a proposed energy 

technology actually produces more energy than i t  uses , particularly in 

an environment of impending energy shortages .  Such analyses have been 

undertaken on Nuclear Power Stations ( Chapman , 1 9 75 ) , and on Biological 

Energy Supply Processes  ( Slesser and Lewis , 1 979 ) .  Net energy analysis 

has received some criticism in the lite rature ( Leach , 1 97 5 ;  Hue t tne r ,  

1 976 ) , particularly o n  those �ethodological grounds which are outlined 

in section 1 . 2 . 1 . 4 .  

1 . 2 . 2  Linear Modelling in Energy Analysis and Economics 

1 . 2 . 2 . 1 Definition of  Linear Models 

A Linear Model i s  s imply defined as  a system o f  s imul taneous 
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linear equations , represented by a matri x ,  and usually solve d  b y  using 

matrix algebra . Such matrices are usually solved using computer  

algorithms , because of the usual size  and complexi ties of such matrices 

which precludes manual solution . 

1 . 2 . 2 . 2  Typology of Linear Models in Economics 

The use of linear models in Economics is wid espread , and mainly 

outside the scope of this thesis . However ,  the following typology of 

linear models  in Economics , provides a useful comparative basis and 

structure for descri bing the potential use of linear models in Energy 

Analys is . 

Determined Matrix:  Input-Output Model 

In Economics , this represents the class ical Input-Output analysis , 

pioneered by Leonteif in the 1 93 0 ' s .  The matrix in this problem type 

has an equal number of equations and unknowns - that is , the matrix is 

squa re . Such matrices only have one unique solution , and hence are 

said to be determined . 

Such Input-Output models can be used to represent the 

interdependencies between sectors in the e conomy - that is , the flows of 

goods and services between different sectors in the economy . The 

Input-Output Model is formulated using a technical coefficients matrix 

( A ) . This matrix ( A )  consists of  an identi cal set of  columns and rows , 

with the inputs being represented by reading down the columns and the 

outputs being represented by reading across the rows . I t  is  usual in 

Input-Output analys is to determine the total primary inputs for each 

unit of output which invol ve s  finding the inverse of the matrix ( I- A ) , 

where I is the identity matrix - that i s :  

- 1 2 3 
( I- A )  y = d = y + Ay +  A y +  A y  • • • •  

where : y = variabl e vector 

d = is the final output vector 

For further mathematical details  of this method readers should refer to 

the Department of Statis tics  ( 1 980cl or O ' Connor and Henry ( 1 97 5 ) .  
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The fundamental assumptions of  Input-Output analysi s  which lJm i t  

i t s  applicati on are : 

( 1 ) Each sector produces a s ingle output with a single input structur e , 

and there i s  no subs titution between the outputs  of the di fferent 

sectors . This i s  known as  the Homogeneity Assumption . 

( 2 ) The inputs into each sector are simple proportions onl y of the 

leve l  of  output of  that sector - that is , the amount of  each kind ?f 

input absorbed by any particular sector goes up and down in direct 

proportion to the increase or decrease in that sector ' s  total output . 

This is known as the Proportional ity Assumption . 

( 3 ) The total effect of  carrying out production in several sectors i s  

the sum of the separate e ffect s . This is  known as the Addi tivity 

Assumption . 

( 4 ) No ' economies ' or ' diseconomies '  of s cale are allowed - that is , 

inputs and outputs decrease and increase in linear proportions . This  

is known as t he  Linearity Assumption . 

Despite these rather res trictive assumptions Input-Output analysis 

has been widely applied , wi th Input-Output matrices being constructed 

for almost  all national economies . Input-Output analysis has also been 

widely applied in regional e conomics ( Herfindahl and Kneese , 1 9 74 ) , and 

extended to include the Linear Programming case ( refer to O ' Connor and 

Henry , 1 9 75 ) , using the ( I-A ) matrix . 

Overdetermined Matrix : Regression Mod el 

The use of Regress ion models is widespread in Economics , as  well 

as other applied di sciplines such as Biometrics . In this problem type 

there are usually more e quations than unknowns - that is , the matrix is 

said to be overdetermined . Such problems are usually solve d  by the 

least squares fi tting method . The most popular form of  regres sion i s  

Linear Regression . The simplest Linear Regression case is  represented 

by the following e quation : 

where y = dependent variable ( known ) 

b0 = constant ( unknown ) 

b 1 = coefficient ( unknown ) 
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x 1 = independent variable ( known ) 

This simply involve s fitting a s traight line to a number of point s . 

Multiple Linear Regression simply involves mo re than one variable and 

coefficient : 

I t  appears that the solution me thod was independently developed by  

Gauss ( 1 7 97  - 1 85 5 )  and Legendre ( 1 7 52 - 1 83 3 )  ( refer to  Draper and 

Smith , 1 98 1 ) .  

Linear Regression analysis assumes that the x va riables are 

independent of each o the r , and that the coefficients are linear . 

In Economics , the use of Linear Regress ion ( and Non-Linear 

Regression ) is widespread . Its appl ication is  well suited to 

describing many of the s tatistical relationships which occur in 

economic systems . In this way Linear Regression has been widely used 

for forecasting and predictive purposes e . g .  in Time Series Analysis . 

Underdetermined Matrix:  Linear Programming Mode l  

Linear Programming problems are linear op timisation problems . 

Usually,  there are more unknowns than equations ( usually of the o rder 

of 2 - 3 times according to Murtagh , 1 9 8 1 ) .  Danzig ( 1 9 5 1 ) first 

developed the Simplex Method for solving such problems in the late 

1 940 ' s ,  and subsequently more sophis ticated solution methods have been 

developed ( re fe r  to Cooper and Ste inburg , 1 97 4 ) . 

Linear programming i s  used to maximise or  minimise some func tion 

subject to a set of  constraints or l imitations . Mathematically , the 

linear programming problem can be expressed as : 

maximise/minimise : c 1 x 1 + c2  x2 + • • • • • •  cm Xm 
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s ub j ect  to : 

a x + a x il l 1 n z  2 

wh ere : x1 :;;:a , x2 � • • • • • :xn :;;:a 

..::.. 
a x = b nm m 7 n 

( Th i s  non-negativity res tric t ion applies in mos t  b u t  not all c as es ) . 
c = ob j ec tive fun c t ion coeffi cients ( re ferred to " cos t "  or "pro f i t "  

co e f fi cients in e conomi c j argon) . 
x = variab les 
b cons t raints 

In matrix notation this problem can be wri tten more compactl y :  

min/max : z = ex 

..... 
subject to : AX :: B .,. 

x�o 

Linear programming ( and to a lesse r  extent non-linear · 

programming ) ,  i s  widely used in Economics . As previously noted , in 

Macroeconomi c s ,  Linear Programming extensions of Input-Output Models  

have been  extensively used . Other applications include : uses in 

natural resource economics , energy planning ( particularly with respect 

to oil refinery operations ) ,  and numerous o ther microeconomic analyses . 

Obviously , the linearity assumption is  the most restrictive as sumption 
. 

which applies in all case s . Further problems usually relate to the 

" time static" nature of the models - coefficients and indeed economi c  

objectives change over time , which is  difficul t to allow for in the 

modelling process .  

1 . 2 . 2 . 3  Uses and Applicati ons of  Linear H:>dels in :&lergy Analysis 

The use of Input-Output Models in Energy Analysis has been 

widespread , despite the comparative immaturity of the discipl ine . The 

first analysi s  was undertaken by Herendeen ( 1 9 73 ) for the USA , and 
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s ub s equent s t udies have been undertaken fo r many develop e d  nat ions 
( Chapman , 1 9 7 5  for the United Kingdom;  Denton , 1 9 75 fo r t he Federal 
Republic  of Germany ; James and Gilbe rt , 1 9 8 2  for Aus tralia and 
Carter et al . ( 1 98 2 )  f o r  New Zealand - to name j us t  a few) . The app roach 
i s  det e rmining the total  primary energy requirement ( usually in MJ ) 
per  uni t  o f  output ( $ ) , i s  directly analo gous to  the method use d  in 
determining the t o t a l  f inan cial requirement ( $ ) per  unit o f  output ( $ ) . 
Essentially , the s ame s e t  o f  assumpt ions a lso app ly . 

The use of the data ( MJ/$  for various sector outputs ) , is often 

important in e stimating the indirect  energy requirements  of a proc e s s  

o r  system , although t h i s  method of  e stimation i s  n o t  as accurate as the 

process method ( refer to section 1 . 2 . 1 . 3 ) . The cost ( $ )  of various 

indirect  inputs i s  s imply multiplied by the energy coeficient ( MJ/ $ )  of 

the input , so  to obtain an estimate of the total energy requirement 

( MJ )  of  that indire c t  input . 

To date , Linear Regression and Linear Programming techniques have 

not been applied to Energy Analysis problems . This is  despite , the 

obvious applicability of  s uch methods of  analysis , to  systems s tudied 

in Energy Analysis . 



PART A :  A LINEAR REGRESSION APPROACH TO ENERGY QUALITY 



1 5  

2 METHQDOLOGY 

2 . 1  Introduction 

2 . 1 . 1  Problem of Energy Quali ty in Energy Analysis 

One of the main thrusts of criticism of  Energy Analysis , since i t s  

beginnings i n  the early 1 97 0 ' s ,  has centred around the "energy quali t y  

problem" ( Leach , 1 97 5 ; Edwards , 1 976 ; Webb and Ricket ts , 1 980 - to 

cite three of the lite rally hundred s  of criticisms that could be made ) .  

Different forms o f  energy have different qualities or grades , 

which are not taken into account by enthal py ( �H )  measurements of 

energy . Enthalpy ( �H )  measurements only measure the heat content of 

energy forms , and do not necessarily make any distinction between low 

grade energy sources ( such as  incident solar energy ) and higher grade 

energy sources ( such as oil or  natural gas ) .  From this basis , it  has 

consequently been argued that energy when measured in enthalpy ( �H ) ,  

cannot be "added-up" , because i t  has di fferent grades .  This  has 

variously been coined as the " oranges and lemons " ,  "kippers and 

custards" and the "valuation" problem or dilemma of Energy Analysis 

( Leach , 1 9 75 ) . Finally , it has been argue d that because energy 

measured in enthalpy ( �H )  terms , is not addi tive , Energy Analysis is 

without a numeraire , and therefore has no basis for its proposed 

evaluative role . 

2 . 1 . 2 Previous Approaches to Energy Quality in Energy Analysis 

Various approaches to overcoming the energy quality problem have 

been suggested and used in the li te rature : 

( 1 )  Available Work This was re commended as  a possible measurement o f  

the quality of  a fuel by the I . F . I . A . S . ( 1 97 4 ) . In es sence , this i s  a 

very similar measurement to Gibbs Free Energy ( �G ) . Available work 

takes into account the pressure and temperature of the surroundings ; 

whereas Gibbs Free Energy (�G )  refers to a reference s tate . The 

fundamental problem with using these measurements in Energy Analysis , 

is  that in any economy or system the end-uses or outputs are not only 

work . The outputs of an e conomy also include heat of various grades 

and other energe tic outputs such as light . So , therefore , whilst it is  
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acknowledged that Available Work , and Gi bbs Free Energy (6 G )  have grea t  

value in engineering and thermodynamic s tudies , they cannot be proposed 

as measurements that can deal with energy quality in larger economic  

sys tems . 

( 2 )  Exergy This is a widely recommended measuremen t  of energy , which 

takes into account energy quality ( Be j an and Bejan , 1 982 ) . Howe ve r ,  

unfortunately , al though the concept is attrac tive , like Avai lable Work 

and Gi bbs Free Energy (6 G ) , it seems so far to only have been 

successfully applied to rather narrowly de fined problems ( e . g .  

Mattarol o ,  1 9 82 ) .  Furthermore , as Slesser ( 1 982 ) points out , a 

consensus view of how exergy should be measured has no t ye t emerged . 

( 3 )  Fossil Fuel Equivalents ( F . F . E . ) This approach is used by Odum 

and Odum ( 1 97 6 ) , and is sometimes used in official s tatistics ( e . g .  

O . C . E . D .  energy balances , 1 9 7 3-79 ) . Essentially , this approach 

determines how many uni ts of one fossil fuel ( meas ured in6H ) ,  is 

required to produce a given quan tity of  another form of  energy . This 

is assumed to be a measure of the qual ity of  the two forms of  ene rgy . 

For example , hydro-electricity is said to use four fossil fuel 

equivalents , because four units of a fossil fue l ( say coal ) are 

required to produce one uni t of  electric i ty . This approach is 

considered to be arbitrary in the way it e quates lower qual ity energy 

forms ( e . g .  coal ) ,  with higher forms ( e . g .  electricity ) . The 

assumption is that lower qual ity forms of energy ( e . g .  coal ) are 

ul timately converted to highe r forms of energy ( e . g .  electricity ) ,  and 

therefore are equatable . In any system or economy , this is not 

necessarily the case - e . g .  coal has more uses in an economy than j us t  

being converted into electricity ( these usually include providing heat 

in indus trial and household situations ) .  Another criticism of  the 

F . F . E .  approach is tha t , the situation of  converting one form o f  

energy to another is somewhat contrive d , as usually multiple forms of 

energy are required to produce another form o f  energy . For example , in 

converting coal to electricity , coal is the main requirement ,  but oil 

may be required to run the transport vehicles required , e lectricity may 

be required to run the drag lines , and indirect  inputs of o ther forms 

of energy may be require d . 

The above approaches , have focused primarily on the energy quality 

of sources or inputs of  energy . I t  should be noted that Lovins ( 1 9 7 7 , 

1 979 ) ,  has extended the concept of  energy quali ty to end-uses of 
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energy , and has proposed the end-use matching of  energy sources and 

use s . Herein , lies another criticism of the above approaches - they do 

not take into consideration the end-uses of energy . That is , they 

essentially treat the concept of  energy qual ity as a source or input 

related one , and not as one which is linked to the end-use of energy . 

2 . 1 . 3  Rei teration and Statement of Objective for Part A 

In re iteration , the " energy quality problem" is  a fundamenta l 

point of crit icism of EA , and therefore if EA is to be accepted a s  a 

valid evaluative tool a means of overcoming this problem needs to be 

established . 

Previous approaches to the problem have drawn much criticism , and 

are limited in their applicabil ity to macro-level sys tems . Herein , 

lies the origins of the objective for Part A ;  which is to develop a 

conceptual framework and logical way for resolving and clarifying the 

"energy qual ity problem" , associated with the appl ication and use of 

EA.  

2 . 2  Proposed Methodology to Solve the Energy Quality Problem 

2 . 2 . 1 Definitions 

The concepts embod ied in the following definitions formed the 

basis of the modelling proce dure : 

( 1 )  Primary Energy Inputs Any given  economy is considered to have a 

number of primary energy ].nputs .  That is , energy inputs into the 

economy from exogenous source s  such as from a natural resource base or 

from imports . All secondary or intermediary energies can be converted 

back to primary energy inputs . The primary energy inputs , as  is  normal 

practice , are in this study �xpressed in terms of their enthalpic 

values (D.H ) . 

( 2 )  Effec tive Energy Outputs Any given economy is also considered to 

have a numbe r  of  e ffective energy outputs . These outputs refer to 

effective or  useful energies resulting from end-use processes in the 

economy . For example ,  in cooking this refers to energy absorbed by  the 

cooking load , and i t  does not refer to the waste heat which is  lost  to 
'· 

the surrounding environment . In · any specific analysis , it is  important 
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that these e ffective energy outputs b e  clearly de fined . In this study , 

the e ffective energy outputs are also expres sed in terms of the i r  

enthalpic values ( 6H ) .  

( 3 )  Quality Eq uivalent s  These are common energy units  to whi ch 

all p rimary energy inp u ts (6H) and e f fe c t ive energy outputs (6H)  
can be conve rte d (Abbreviated t o  Q i n  t h e  text ) . 

( 4 ) Quality of Primary Energy Inputs This is defined as the relative 

e fficiency at which a given primary energy input is converted to 

effective energy outputs . In this study , it is expressed in terms of 

common qual ity units per unit of enthalpy ( 6H ) , of  primary energy 

input . 

( 5 )  Quality of Effective Energy Outputs This is de fined as the Gross 

Energy Requirements ( d irect and ind irect ) of an e ffective energy output 

expressed in quality terms . In this study , it is expressed in terms of 

common quality units per unit of enthalpy ( 6H ) of e ffective energy 

output . 

2 . 2 . 2  Energy Accounting Procedures 

The first s tep is to identify all primary energy inputs and all 

e ffective e nergy outputs of the economy or  system . The second s tep  is 

to link all primary energy inputs to all effective energy outpu t s , by 

constructing a number of pathway flow diagrams . These pathways s hould 

collec tively cover all energy transformati ons and uses in the economy . 

However , there can be some degree of overlap between pathways - that 

is , the pathways need not be mutually exclusive . Each pathway c an have 

multiple inputs and mul tiple outputs , which can overcome the 

partitioning problem o ften assoc iated in such energy accounting 

procedure s . The third step is to e stimate the Gross Energy 

Requirements ( G . E . R . ) of each pathway . The G . E . R .  includes the  

direct energy inputs and the  indirect energy inputs of each pathway , 

expressed in enthalpic val ue s  ( 6H ) . As a general princ iple it i s  

recommended that the I . F . I . A . S .  conventions o f  energy accounting be 

used in determining the G . E . R .  of  each pathway ( refer to I . F . I . A . S . , 

. 1 9 74 ) .  

2 . 2 . 3  Regres sion Equat ions and Solutions 

The s upply and use of energy in any given economy can be 
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represented by the following s e t  of linear e quations . 

( 2 . l) 

Where Y = e ffective energy output of an end-use class (6H t t ) ou pu 

X = primary energy input (6H .  ) 
lnput 

m = quality coefficient for an e ffective energy output ( qual ity 

equivalents/6Houtput ) 

n = quality coefficient of a primary energy input ( quality 

equivalents/6Hinput ) 

i = energy supply-use pathways . 

j number o f  pathways . 

The e ffective energy outputs ( Y1 • • • •  Yn ) and the primary energy 

inputs ( X1 • • •  � ) are known . The quality coefficients of the effective 

energy outputs ( m1 • • • •  fin ) ,  and the quality coefficients of  the primary 

energy inputs ( n1 • • • •  � )  are not known . In almo s t  all cases , the a bove 

set of s imultaneous e quations is overdetermined - that is , there are 

more e quations than unknowns . Therefore , in practically all cas e s  the 

only method for solving these equations is by regression analys i s  

( refer to Johnson and Riess , 1 977 , p . 6 1 ) .  

To determine these coefficients by mul tiple linear regression , one 

coefficient must arbitrarily be given a value e qual to unity . For  

example ,  coefficient n can be given a value of 1 ,  and  then by  

rearrangement the general equation now reads : 

(2 . 2 )  
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where n 1 = 1 

This e quation is now in a form that can be solved by mul tiple 

linear regre ss ion . The le ft-hand-s ide expression is  equivalent t o  the 

' Y '  variable used in conventional regression e quations , and the 

right-hand-side express ions are equivalent to the ' X '  variables used in 

conventional regres sion e quations . 

The coefficients which resul t  from the solution of this regres s ion 

equation , only have meaning rela tive to n 1= 1 .  That is , they are 

expressed in mul tiples of  n 1 • In this study such mul tiples are t e rmed 

"quality e quivalents" . It  is recommended that the regression e quation 

be solved several times by in turn ass igning value s  of unity to each 

coefficient (m 1 • • • •  mn , n1 • • • • nn ) .  In this way the general robus tness 

of the model , and the vali di ty of this procedure can be tested . 

As a general principle , it is advisable that as many pathways as 

possible be used in the regress ion procedure . This should increase the 

variability in the data set , and hence lead to more accurate solutions 

of regress ion . In part icular it is  advisable that if at all possible , 

each primary energy input class be linked to each effective energy 

output class by one pathway each ( that is , X
n

x Y npathways should result 

from this ) .  

2 . 2 . 4  Statis tical Analysis of  Solutions 

To test the statis tical validity of any give n  set  of solutions 

( i . e .  a particular model ) ,  generated by this technique , a numbe r o f  

statis tical tests should b e  undertaken . For a more complete range o f  

statis tical tests of  regression models readers should refer  t o  the 

appropriate literature ( Draper , N . R .  and Smi th , H. 1 98 1 ) :  

( 1 ) """F __ T_;e_s-'-t Usually in regression analysis this is  the mos t  

important tes t , as  i t  indicates the overall statistical validity o f  the 

model . That is , how adequately the solutions to the regression 

equation " fi t "  the actual data set . The F ratio for a mode l  is  

calculated by mos t  programme packages used in regression analysi s .  The 

level of s ignificance ( p )  can be calculated by using standard F 

distribution tables . 

( 2 )  T Test of Coefficients The t ratios for each coefficient are also 
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calculated b y  most programme packages used i n  regression analysis . The 

t ratio of a coefficient is s imply the es timated coefficient divided by 

its standard deviation . The level of  significance ( p ) of  each t rati o , 

and hence the statistical accuracy of  each coefficient e stimate , can b e  

calculated by using s tandard t distribution tables . 

( 3 )  Examination of R es iduals An examination of the residuals for each  

pathway should be undertaken . Those pathways which have the highes t  

standardised residuals least conform t o  the regression model . If at 

all possible , i t  is advisable that the model be reconstructed to 

eliminate such pathways . Various residual plots are outlined in 

statistical texts and are outputed by most programme packages used in 

regression analys i s . 

( 4 )  Other Statistics Various o ther statistics and s tatistical tests  

can be  unde rtaken to test a model . For example , the Durbin-Watson 

Statistic can be calculated so as to test the model for 

auto-correlation . I t  may also be useful to calculate partial F rat i o s  

for each coefficient , so  as  t o  estimate their contributions to the 

overall l evel of  signifi cance of the model . 

2 . 2 . 5 R ecommended Methods of Model Selection and Improvement 

It is recommended that the maximum number of models be generated 

by giving in turn each coefficient a value of uni ty . These basic 

models should form the bas i s  of the model selection and improvement 

procedures . 

The s implest  approach i s  to choose the basic model which has the 

highest F ratio , provided the model makes good phys ical sense . For 

example ,  it is meaningless to use a model where a coefficient i s  

negative , as this is a phys ical imposs ibility . 

A more complicated and instructive approach is  to " experiment" 

with the mode l s  so as to maximise the level of significance ( p ) of  the 

model . The aggregation and where possible ,  the disaggregation of  

variable clas s e � X 1 • • •  Xn , Y 1  • • • •  Yn ) should form the basis  of this 

"experimentation" . The original classi fications may not necessarily b e  

the "best" way of classi fying the inputs ( X 1 • • • •  Xn ) and outputs ( Y 1  
• • • •  Yn ) ,  i n  terms o f  their energy qualities . I t  not only i s  more 

statistically valid to maximise p ,  but it can also be more instructive 
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t o  the analys t . This i s  because such reclassification may give some 

insight as to the physical and technical reasons why it is bes t  to 

classify inputs and outputs in a particular way . 

When aggregating various inputs ( X1 • • • •  Xn ) or outputs ( Y 1 • • • •  Yn) ,  

it  is recommended that those classes with the lowest  t ratios for the ir 

coefficients be added together first . By doing this the more 

insignificant coefficients can be eliminated from the model , while also  

increasing the likelihood of  increasing the F ratio of the model . 

Eventually , an optimum aggrega tion of inputs ( X1 • • • •  Xn ) and outputs ( Y1 

• • • •  Yn ) should be reached , where the l evel of  significance ( p )  of  the 

model cannot be improved upon . This model , in a statistical sense , 

best explains the use of  e ne rgy in the economy or system , in terms of  

energy quali ty .  This model should also make good physical and 

technical sense . 

2 . 2 . 6  Central Hypothesis and Model Building 

The central hypothes i s  that is being tes ted by this regression 

technique , is that for a given economy or system all inputs ( X 1 • • • •  Xn ) 

and all outputs ( Y1 • • • •  Yn ) have intrinsic quality coefficients . 

This hypothes is will hold true in any sys tem or  economy where the 

amount of outputs is proportional to the amount of input s .  Evidence 

and experience strongly indicates that this hypothesis holds true in 

all economic systems . 

Time series data and internati onal comparisons strongly ind icate 

that dollar outputs ( $ )  are linearly proportional to primary energy 

inputs in economic systems . Therefore it  is not so much a matter of 

proving this central hypothesis , but a matter of building a model which 

best explains this central hypothesis . 

To elaborate with an example ,  the simplest  way to model an 

economy , is to set  up a model where all inputs are classified into one 

class . Although this model may be statistically signi ficant , .  it  may 

not be the " best"  model in te rms of maximising its statistical val idity 

and in terms of its instructiveness . The problem for the analyst is  to 

dissaggregate these two classe s , so as to o btain this " best"  model . 
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This requires a good understanding and knowledge o f  the s tati s tical 

testing procedure s , and a good understanding of  the nature of the 

system being modelle d .  

2 . 2 . 7  Post Regression Analysis of  Pathways 

In conventional regres s ion analysis the examination of the 

individual equation residual s ,  forms an important part of the modelling 

process . Essentially , each e quation is tested for conformity to the 
A 

regression model , by comparing the predicted value ( Y )  agains t the 

actual value ( Y ) ,  with difference between the two values being the 
A 

residual ( Y-Y ) .  

In this particular appli cation of  regression modelling , the 

conformity of  each pathway ( equation ) to the model can similarly be 

assessed by calculating : 

( 1 )  Relative Net Energy Yield This is  numerically equivalent to the 

residual . For a pathway which perfect ly conforms to the mode l s  

( i . e .  has an "average " ne t  energy yield ) ,  the relative net energy 

yield  is zero . Those pathways that use more energy ( in qual ity 

equivalent terms , Q )  than predicted have a negative relative net energy 

yield . Conve rsely , th ose pathways that use less energy ( Q )  than 

pred icted have a posi tive relative net energy yield . 

( 2 )  Relative Efficiency This is the sum of Outputs ( O Q) divided by 

the sum of Inputs ( I Q) ,  where these sums are measured in qual ity 

equivalent te rms . Those pathways which have a Relative Efficiency 

equal to uni ty , exactly conform to the model . Whereas , those pathways 

which have a Relative Efficiency greater than unity are more e fficie n t ; 

and those pathways whi ch have a Relative Efficiency less than un ity a re 

less efficient . The Relative Effi ciency ( Q )  is  related to the Residual 

( Q )  by the following e quation : 

Relative Efficiency ( Q )  Res idual ( Q )  + IQ 
= IQ 

I t  should be noted that both the Relative Net Energy Yield and the 

Relative Efficie ncy , are relative not absolute measurements . For a 
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perfect ly fitted mode l , the Relative Net Energy Yield would e q ua l  

zero for all equations , and the Relative Efficiency would e qual uni ty .  

2 . 3  Conclusion 

In this Chapter , the " energy quality problem" associated with  the 

application and use of EA , has been discussed and previous approaches 

to solving the problem have been detailed and criticised . A 

methodology was proposed for resolving the "energy quality probl em " , 

based on the concept of quality equivalents , and a general equation for 

converting enthalpy ( 6H )  uni ts to quality e quivalents . 

Data for two sys tems will be fitted to this general equation , and 

statis tically tested in Chapters 3 ( N . Z .  Economy , 1 97 6 )  and 4 

( Efficient N . Z .  Economy ) .  It is considered to be of  fundamental 

importance in testing the val idity of the methodology , that data can be 

accura tely fitted to the general equation . Hence the emphas is placed 

on statistical analyses in Chapters 3 and 4 .  In Chapter 5 ,  the 

proposed methodology is reviewed in view of these s tatisti cal results , 

and the applications and uses of data derived from the proposed 

methodology are dis cusse d . 
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3 A N  APPLICATION TO  THE NEW ZEALAND ECONOMY , 1 97 6  

3 . 1 Data Sources 

Data were obtained from a wide variety o f  sources ( for deta i l s  

refer t o  Appendix B) . The main sources of data we re : 

( 1 )  The New Zealand Yearbook ( 1 977 ) ,  and the energy flow d iagram 

contained in the Ministry of Energy ' s  ( 1 9 7 8 )  publication "Goals and 

Guidelines" . 

( 2 )  Energy Data files published by the Ministry of Energy ( 1 978 ) ,  
particularly for end-use e fficiences . 

( 3 ) Carter ,  Peet and Baines ( 1 9 8 1 ) Input-Output analysis o f  energy use 

in the New Zealand economy , particularly for ind irect energy 

requirements . 

3 . 2  Inputs and Outputs Considered 

The primary energy inputs considered in this example are : 

( 1 )  Hydro-electricity ( X , ) .  This refers to hydro-electricity at the 

point of generation , before transmission . 

( 2 )  Natural Gas ( X2 ) . This refers to natural gas as  it  lies in the gas 

wel l .  

( 3 )  Oil ( X 3 ) .  This refers to oil products as they are imported in 

the i r  various degrees of refinement , or  indigenous oil as it  lies in 

the oil wel l .  

( 4 )  Coal ( X4 ) .  This refers to coal as it lies in the ground . 

( 5 )  Wood ( X 5 ) . This re fers to wood as it leaves the forest .  

The e ffective energy outputs considered in this example are : 

( 1 )  Electrical Output ( Y l ) . This class includes  all energy use in all 

end-use processes where there is  an absolute requirement for the d irect 

use o f  electricity . The system boundary ends at the point whe re 

electrical energy is delivered to the end-use appliance . This is  

because t he  mean end-use e fficiency of end-uses in this  class is  very 

difficult to estimate accurately.  Other ene rgy sources can only b e  

used directly , after they have been up-graded t o  electricity . These 

end-use processes include the operating o f  electronic equipment s uch as  
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computers and various electrical appliances and machines such as 

elec trically powe red re frigeration units . 

( 2 )  High Grade Transport ( Y 2 ) . This refers to the use of energy by 

re latively long range , route flexible and high powered road vehicles 

( that is , the modern automobile which is an important end-use of ene rgy 

in the New Zealand economy ) .  This  does not include other forms o f  road 

transport which are more limi ted in the i r  range , route flexibili ty 

and /or power output . High grade transport directly uses high grade 

fuels such as gasoline , methanol , hydrogen and diesel . 

( 3 )  Industrial Heat ( Y 3 ) . This re fers to the use of ene rgy in 

industrial si tuations in produc ing med ium to high temperature heat . 

( 4 )  Water Heating ( Y 4 ) . This refers to the use o f  energy in heating 

water to medium temperatures ,  primarily in the household si tuation . 

( 5 )  Space Heating ( Y s ) . This  refers to the use o f  energy in heating 

space to medium temperatures , primarily in the househo ld situatio n .  

( 6 ) Cooking ( Y G ) .  This refers to the use of energy in heating food , 

primarily in the household si tuation . 

3 . 3  Pathways Considered 

The following pathways collectively describe the main energy flows 

in the New Zealand e conomy . ( Because of the lack o f  reliable data not 

all primary energy inputs ( e . g .  geothermal energy ) and not all 

e ffec tive energy outputs ( e . g .  sea and air transport ) were considere d . 

It should be noted that these inputs and outputs are relatively small , 

and their inclusion in the model should not significantly affect the 

results 

1 .  Coal ->  Electricity - >  Electrical Output . 

2 .  Natural Gas - >  Electricity - >  Electrical Output . 

3 .  Oil - >  Electricity - >  Electrical Output . 

4 .  Hydrogenerated Electricity - >  Electrical Output . 

5 .  Oil - >  High Grade Transport . 

6 .  Coal - >  Industrial Heat . 

7 .  Oil - >  Industrial Heat . 

8 .  Natural Gas - >  Industrial Heat . 

9 .  Wood - >  Industrial Heat . 

1 0 .  Hydrogenerated Electricity - >  Industrial Heat . 

1 1 .  Coal - > Electricity - >  Industrial Heat . 

1 2 .  Natural Gas - >  Electricity - >  Industrial Heat . 
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1 3 .  Oil - >  Electricity - >  Industrial Heat . 

1 4 .  Hydrogenera ted Electricity - >  Water Heating . 

1 5 .  Coal - >  Electricity - >  Water Heating . 

1 6 .  Natural Gas ->  Electricity ->  Water Heating . 

1 7 . Oil - >  Electricity -> Water Heating . 

1 8 .  Gas - >  Water Heating . 

1 9 .  Coal - >  Space Heating . 

20 . Natural Gas - >  Space Heating . 

2 1 . Oil -> Space Heating . 

22 . Wood - >  Space Heating . 

2 3 .  Coal - >  Elec tricity - >  Space Heat ing . 

2 4 .  Natural Gas ->  Electricity ->  Space Heating . 

25 . Oil - >  Elec tricity - >  Space Heating . 

26 . Hydroge nerated Electricity - >  Space Heating . 

27 . Coal - >  Electricity - >  Cooking . 

28 . Oil - >  Electricity - >  Cooking . 

29 . Natural Gas - >  Electricity - >  Cooking . 

30 . Hydrogenerated Electricity ->  Cooking . 

3 1 .  Natural Gas - >  Cooking . 

The technologies used in these pathways , and the assumed 

operational e fficiences of the supply , distribution and end-use stages 

are detailed in Table 3. 1 .  

3 . 4  Data Set and Regression Equations 

The G . E . R .  ( Gross Energy Requirements ) of  each of the above 

pathways was calculated , using data obtained from the sources describe d  

in section 3 . 1 and detailed i n  the Appendix B .  For example , the G . E . R .  

o f  pathway one is : 

0 . 06 PJ ( Hydro ) + 0 . 02 PJ ( N .  Gas ) + 0 . 1 9  PJ ( Oil ) + 8 . 80 PJ ( Coal ) is  

required for 1 . 93 PJ  ( El ectrical Output ) . 

This represents the following equation , when written in terms of  the 

mathematics detailed in the methodology section : 

n1 0 . 0 6X 1 + n2 0 . 02X2 + n3 0 . 1 9X 3 + n4 8 . 80X4 = m 1 1 . 9 3Y 1 

Similar equations can be written for each pathway , and these are 

summarised in Table 3 . 2 

The data set was then normalised so that the effective output of 
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TABLE 3 . 1 Actual Hew Zea l and - Enerqy Economy ( 19 76 ) :  Technoloqies and Operational Efficiencies 

Patllway Supply Technology 

1 .  Coal • E l e c t .  • E l ec t r i c a l  Conven tfonal Power Station 
Output 

2 .  Gas ... E l ect. _. E l ectrical  
Out out 

3. O i l  • E lect. • E l ec t r i c a l  
Output 

4. Hydro • Elect.  • E l ectrical 
Cutout 

5 . Oi l · H igh G rade Transport 
6 .  Coal • I ndus t r i a l  Heat 
1 .  O i l  • I ndus t r i a l  Heat 
8 . Gas .. lndustriJl Heat 

9 .  Wood .... I ndustr i a l  Heat 

10. Hydro • Elect. • I ndustri al 
Heat 

11.  Coal • E l ect.  • Industrial 
Heat 

1 2 .  Gas • E l ect. • Industrial 
Heat 

IJ. O i l  • Elect. • Indus tr i a l  
HP3t 

14. Hydro • E l ect. • Water 
Heating 

1 5 .  Coal • E lect. • \later 
Heat! ng 

16. Gas • E l ec t  . ... Water 
Heating 

1 7 .  Oil • Elect. • Water 
Heating 

18. Gas • Water Heating 
19. Coal • Space Hea ting 
20. Gas + Space Heating 
21. 01 1 • Space Heating 
22. Wood • Space Heating 

ZJ. Coal • E l ect. •Space 
Heating 

24. Gas • Elect. • Space 
Heating 

25 .  Oil • E l ec t .  • Space 
Heating 

26. Hydro • E l ec t .  • Space 
Heating 

27 . Coal • Elect.  • Cooki ng 
28 . O i l  • E l ect. • Cooki ng 
29 . Gas • Elect. • Cook ing 
JO .  Hydro • Cooking 

31.  Gas • Cooking 

IIOTE : 

Conven t i onal Power Station 

Conventional Power Station 

Hydro�electrical generat i o n  
(Dam; Water Turb i ne )  

O f l  Refi nery 

Coal mi n i ng technol ogy 
Of l Refi nery 

Gas we 1 1  techno 1 ogy 
Resl dues from forestry indus try 

Hydro-e lectri cal genera t ion 
(Dam; Water Turbine) 
Conventional POW"er Station 

Convent t ana 1 Power S tat 1 on 

Conventional Power Statton 

Hydro-electrical  generation 
(Dam; Water Turbine) 
Conventional Power Station 

Conven tional Power Station 

Conventional Power Sta t i on 

Gas well technology 
Coal m i n i ng technology 
Gas we 1 1  techno 1 ogy 
O i l  Refl nery 

Residues from Forestry 
Industries 

�..onventfonal Power Station 

Conventional Power Stat i on 

Conventional Power Station 

Hydro-electrical generation 
(Dam; Water Turb i ne) 
Conventional Power S t a t i on 
Conventional Power Sta t i on 
Conventional Power Station 
Hydro-electrical generation 
( Dam; Water Turbine) 
Gas wel l  technol ogy 

E ff 1 c1-
enc.r Distribution Technology (�)  

26 

30 

32 

92 

92 

26 

30 

32 

26 

30 

32 

b 

90 

26 

30 

32 

b 

26 
3D 
32 

b 

Transmfss Ion System 

Transm i s s i on System 

Transmi ssion System 

Transmission System 

Tanker del i very 
Rai l -Road D i stribution 
Tan<er del i very 
Pipel ine 
On s i te d i s tribution,  truck 
deli very to other s i tes 
Transmi s s i on System 

Transm i s s I on Systeo 

Transmission System 

Transmission Systeo 

Transmi ssion Systeftl 

Transmiss ion System 

Transmission Systeo 

Transmi s s i on System 

Pipel i ne 
Rai l-Road Dis tribution 
Pipe l i M  
Tanker Del i very 
Truck Del i very 

Transmission System 

Transmission System 

Transmfss ion System 

Transmission Systeftl 

Transmi s s i on System 
Transm i s s i on System 
Transmission System 
Transm i s s i on  System 

Pipel i M  

Effic1-
encr End-Use Technology (l) 

90 Electrical and e l ectronic 
technol ogy 

90 E l ec t r i ca l  and el ectron i c  
technol ogy 

90 Electrical and electroni c  
technology 

90 
[00 
100 
lOO 

90 
lOO 
90 
90 

90 
90 
90 
90 
90 
90 

90 
100 
90 

100 
100 

Electrical and electroni c  
technol ogy 
I ntern a l  cOITbustion engine 
I ndustrial boi l ers and furnaces 
Industrial b oi l ers and furnaces 
I ndus trial b o i l ers and furnaces 
Industrial boi lers and furnaces 

Res i s tance Heaters 

Resistance Heaters 

Res i s tance Heaten 

Resistance Heaters 

Water heating cyl indor, with 
resi s tance heater 
Water heating cyl i nder, with 
res i s tance heater 
Water heating cyl i nder, with 
res f s tance heoa ter 
Water heating cyl i n der, with 
res i s tance heater 
Gas Heating Cylinder 
Enclosed burners and open fi res 
Enc 1 osed burner 
Enclosed burner 
Enclosed burner and open fi res 

90 Resistance Heater 

90 Resistance Heater 

90 Res i s tance Heater 

90 E l ectric Range 

90 E l ectri c Range 
90 E l ectri c Range 
90 E l ectr i c  Range 
90 E l ectric Range 

100 Gas Range 

a. Enthalpy (<IH) effi ci ency of di rect energy f l ows .  Entha l p i c  (<IH) efficiencies are a l so impl i ed i n  i nd i rect energy flows. 
b .  E i ther Input or output i s  outside s tudy boundary. Therefore, no enthalpic (<IH) efficiency can be calculated. 

E ffici­
enc.r• (U 

2 5  
70 
75 
75 
33 

100 
100 
100 
100 
100 
100 
100 
100 

65 
49 
64 
57 
35 

lOO 

100 

100 

23 
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TABLE 3 . 2 Data Set:  Gross  Energy Requi rements of Energy Supply-Use Pathways i n  the New Zea l and Energy Economy ,  1976 

Pathway 

1 Coal � E l ect � E l ectri cal  Output 

2 Gas � E l ect + El ectri cal Output 
3 Oi l  � E l ect � E l ectri cal Ou tpu t 

4 Hydro � E l ect � E l ectri ca l  Output 
5 Oi l � Hi gh Grade Tansport 
6 Coal + I ndustrial  Heat 
7 Oi l � I ndustri a l  Heat 
8 Gas � I ndustri al Heat 
9 Wood + I ndustri a l  Heat 

10 Hydro + E l ect + I ndustri a l  Heat 
1 1  Coal + E l ect + I ndus tri a l  Heat 
12  Gas + E l ect + I ndus tri a l  Heat 
13 Oi l + El ect + I ndus tri a l  Heat 
14  Hydro + E l ect + Water Hea ti ng 
15 Coal + E l ect + Water Hea ti ng 

16  Gas + E l ect + Water Heati ng 
17 Oi l + E l ect + Water Heati ng 
18  Gas + Water Hea t i ng 

19 Coal + Space Heating 

20 Gas + S pace Heati ng 

2 1  01 1 + S pace Heating 

22 Wood + Space Heati ng 

23 Coal + E l ect + Space Heati ng 

24 Gas + E l ect + Space Hea t i ng 

25 0 1 1  + E l ec t + S pace Heati ng 

26 Hydro + E l ect + Space Heat i ng 

27 Coal + E l ect + Cooki ng 

28 O i l  + E l ect + Cooki ng 
29 Gas + E l ect + Cooki ng 
3Q Hydro + Cooki ng 
3 1  Gas + Cooki ng 

Primary Energy I nputs ( PJ ) a 

x 1  
Hydro 

0 . 06 

0 . 13 
0 . 09 

3 1 . 36 
9 . 25 
0 . 75 
0 . 55 

X z  
Gas 

0 . 02 
12 . 40 
0 . 07 
0 . 28 
4 . 37 
0 . 19 
0 . 55 

0 . 20 10 . 33 

0 . 21 0 . 10 

5 . 7g 0 . 05 

0 . 01 0 . 00 

0 . 02 2 . 30 
0 . 02 0 . 0 1  

1 0 . 80 0 . 09 

0 . 02 0 . 0 1  

0 . 04 4 . 26 

0 . 03 0 . 02 

0 . 01 
0 . 03 

0 . 05 

0 . 23 

0 . 17 
0 . 02 
0 . 03 
0 . 02 
8 . 25 

0 .0 1  

0 . 01 
0 . 01 
2 . 78 
0 . 02 

0 . 87 

0 . 16 

2 . 12 

0 . 23 

0 . 09 

0 . 0 1  
3 . 26 
0 . 02 

0 . 07 

0 . 00 

0 . 0 1  
1 .4 1  
0 . 05 
0 . 77 

X J  
O i l  

0 . 19 

0 . 55 
8 . 77 
2 . 20 

144 .95  
1 . 32 

40 . 98 
0 . 40 
0 . 68 

0 . 41 
0 . 04 
0 . 10 
1 . 6 1  

0 . 76 

0 . 07 

0 . 19 
3 . 03 

0 . 03 
0 . 26 

0 . 08 

15 . 2 1  

0 . 54 
0 . 05 
0 . 14 
2 . 30 
0 . 48 

0 . 02 

0 . 97 
0 . 01 
0 . 04 
0 . 03 

x .. 
Coa l 

X s  
Wood 

8 . 80 0 . 00 

0 . 13 0 . 00 
0 .  7 1  0 . 00 
1 . 10 0 . 00 

1 5 . 42 0 . 00 
28 . 38 0 . 00 

3 . 55 0 . 00 
0 . 13 0 . 00 
0 . 16 5 . 27 
0 . 20 0 . 00 
1 . 64 0 . 00 
0 . 02 0 . 00 
0 . 13 0 . 00 
0 . 38 0 . 00 
3 . 01 0 . 00 
0 . 04 0 . 00 
0 . 25 0 . 00 
0 . 01 0 . 00 
5 . 68 0 . 00 
0 . 02 0 .00 

1 . 3 1  0 . 00 
0 . 13 4 . 17 
2 . 33 0 . 00 
0 . 03 0 . 00 
0 . 19 0 . 00 
0 . 29 0 . 00 

0 . 94 0 . 00 
0 . 08 0 . 00 
0 . 0 1  0 . 00 
0 . 04 0 . 00 
0 . 03 0 . 00 

NOTE: a .  Expressed i n  enthal py ( AH )  terms ; 1kWh r  = 3 . 6  MJ .  

Effect i ve Energy Outpu ts 

y l y 2 
E l ectri cal H i g h  Grade 
Output · Transport 

1 .  93 
3 . 23 
2 . 29 

27 . 5 1 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 

0 . 00 
0 . 00 

0 . 00 

0 . 00 

0 .00 

0 .00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 

25 . 70 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 

0 . 00 

0 . 00 
0 . 00 

0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 

( PJ ) a 

Y .  
I ndus tri a 1 

Heat 

0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 

1 8 . 80 
27 . 32 

6 . 58 
1 .  74 
5 . 08 
0 . 36 
0 . 60 
0 . 42 
0 . 00 

0 . 00 

0 . 00 

0 . 00 

0 . 00 
0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 

0 . 00 

Y ;  
ilater 

Heati ng 

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 

9 . 47 

0 . 66 

1 . 1 1 

0 . 79 
0 . 48 
0 . 00 

0 . 00 

0 .00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 

0 . 00 

y 6  
Space 

Hea t i n g  

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 

0 . 00 

0 .00 
2 . 63 

1 . 1 5 

7 . 72 
0 . 50 
0 . 51 
0 . 85 
0 . 60 
7 . 24 

0 . 00 

0 . 00 
0 . 00 

0 . 00 

0 . 00 

Y 7  
Cook i ng 

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 
0 . 00 
0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 

0 . 00 
0 . 00 
0 . 00 

0 . 00 

0 . 00 
0 . 00 

0 . 00 
0 . 00 
0 . 00 
0 . 00 

0 . 09 

0 . 1 1 
0 . 16 
1 .  33 

0 . 15 

N 10 
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each pathway e qualled unity . This normalisation process had the e ffect 

of improving the versati lity of the data set  - i . e .  in such data sets , 

it  was unimportant which variable was used as the equivalencing uni t .  

Furthermore , data sets that had been normal ise d , also were found to 

have greater s tatistical validity - that is , the s tatistical indicators 

( e . g .  t ratios , F ratios ) were generally found to be more satisfac tory 

in models generated from normalised data sets . Moreove r ,  models 

generated from normali sed data sets , we re gene rally found to make 

greater techni cal and physical sense . For exampl e ,  in some cases o f  

models generated from non-normalised data sets , the coefficients we re 

negative , which is a physical imposs ibility.  

3 . 5  Computer Analysis of Data Set 

The data were analysed by us ing the "Minitab" statis tical 

programme package on Massey University ' s  Prime 750  computer . The 

following set of commands were used : 

READ ' DATA ' C 1 -C 1 2  

MULT . C 6 , - 1  ' C 1 3  

MULT . C 7 ,  - 1 ' C 1 4  

MULT . C8 , - 1 , C 1 5  

MU LT . C 9 , - 1 ' C 1 6  

MULT . C 1 0 ,  - 1 ' C 1 7  

MULT . c 1 1 '  - 1 ' C 1 8  

MULT . C 1 2 ,  - 1  ' C 1 9  

The data sets ( see Table 3 . 2 )  were read into the 

programme package , from a file created elsewhere 

in the computing sys tem . The data is in the form 

of general equation 2. 1 .  

Thi s  arithme tic re-arrange s the data set so that 

all e ffective energy outputs are negative . That 

is , all effective energy outputs are taken to the 

same s ide of the general equation as the primary 

energy inputs - refer to general equation 2. 2 .  

This step is repeated by , in turn , assigning value s  o f  unity to each 

coefficient . 

MULT . C 1 , - 1 , C2 1 

NO CONSTANT 

In this exampl e , column 1 ( hydro-electricity ) is given an 
arbitrary value of 1 .  The val ue is " - 1 " ,  so that 

in e ffect it  is taken to the other side of  the 

equation - see general equation 2. 2 .  

Thi s  indicates that there i s  no constant in the 
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regress ion equations - see methodology section . 

This indicates that the fullest statis tical 

analysis output is required . 

REGRESS C2 1 , 1 0 ,  C2-C 5 , 

C 1 3-C 1 9  This indicates to the computer that 

Column 2 1  is to be regressed , against 1 0  

variables in columns C2 to C 5  and C 1 3  to C 1 9 .  

Because most regression problems are formatted 

in the y=m 1 x 1 • • •  mnxn + C format , C2 1 is 

considered to be the "Y" variable and the 

other variables the "X"  variables . 

This is mere convention , and makes little sense in 

terms of this problem . Nevertheless , this point 

should be recognised when interpreting the results 

from this and other programme package s . 

3 . 6  S tatistical Analysi s  of Solutions to  the  Regression Equations 

A series of models were generated , by in turn using each variable , 

as the equivalencing unit - that is : 

n l = 1 ' hydro-electrical equivalents 

nz = 1 ' natural gas equivalents 

n 3 = 1 ' oil equivalents 

ntt = 1 ' coal equivalents 

n s = 1 ' wood equivalents 

m l = 1 ' electrical output equivalents 

mz = 1 ' high grade transport e quivalents  

m3  = 1 ' industrial heat e quivalents 

mtt = 1 ' water heating equivalents 

ms = 1 ' space heating equivalents 

ms = 1 ' cooking equivalents . 

A detailed s tatistical analysis of  each of  these models  was undertaken . 
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3 . 6 . 1 Detailed Resul ts 

The following set of s tatis tical results were obtained for each 

one of the above mentioned models . The "Minitab" computer programme 

package , routinely produces a more detailed set of resul ts  than can be 

included here . An example of this computer print-out is included at  

3 . 6 . 2  for the model n 1 = 1 .  

�1= 1  (Hydro-electric equivalen t s )  

n2 (natu ral gas )  
n3 (oil)  
n4 ( coal)  
n5 (wood ) 
m1 ( elec trical outpu t) 
m2 (high grade transport)  
m3 ( indus trial hea t)  
m4 (wa ter hea ting ) 
m5 ( space hea ting) 
m6 ( cooking) 

Es t ima te of S tandard 
Co -efficien t Deviat ion 

0 . 2 2  
0 . 1 9 
0 . 1 7 
0 . 03 
0 . 94 
1 . 5 8 
0 . 64 
0 . 8 5  
0 . 7 5 
1 . 8 8 

0 . 04 
0 . 04 
0 . 03 
0 . 04 
0 . 1 8 
0 . 3 8 
0 . 1 3 
0 . 1 7 
0 . 1 4 
0 . 24 

t Rat io 

6 . 06 
5 . 3 1  
5 . 58 
0 . 7 7  
5 . 1 6 
4 . 1 1 
4 . 8 9 
5 . 1 2 
5 . 2 2 
7 .  7 3  

Level of 
S ignif i cance (2P) 

<0 . 00 1  
<0 . 00 1  
<0 . 0005 

<0 . 5 0 >0 . 2 0 
< 0 . 0 0 1  
<0 . 00 1  
<0 . 00 1  
<0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

F Ra t io = 7 . 6 2  (df , v1= 1 0 ,  v2= 2 1 ) , s ignifican t  a t  the p=0 . 00 1  level . 

n2= 1  (Natural gas equivalen t s )  

n 1 ( hydro elec tricity )  
n3 ( o i l )  
n4 (coal)  
n5 (wood ) 
m 1 (electrical output)  
m2 (high grade transport)  
m3 ( indus trial hea t )  
m4 (water hea t ing) 
m5 ( space heating)  
m6 ( cooking ) 

Es t imate o f  
Co-effic ient 

2 . 84 
o .  7 1  
0 . 64 
0 . 14 
3 . 4 0  
5 . 60 
2 . 36 
3 . 1 1  
2 . 7 5 
7 . 06 

S tandard 
Deviation 

0 . 4 7 
0 . 1 2 
0 . 1 0 
0 . 14 
0 . 64  
1 . 3 7  
0 . 4 5  
0 . 5 6  
0 . 48 
0 . 7 2 

t Ra tio 

6 . 06 
5 . 93  
6 . 3 3 
1 . 0 1  
5 . 3 1  
4 . 07 
5 . 23 
5 . 54 
5 . 6 7 
9 . 7 3 

Level o f  
S ignif ic ance ( 2 P )  

< 0 . 0005 
< 0 . 00 1  
< 0 . 00 1  

<0 . 5 0 >0 . 20 
< 0 . 00 1  
<0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

F Rat io 1 1 . 30 (df , v1 = 1 0 , v2 = 2 1 )  s ignif ic an t  a t  the p=0 . 00 1  level . 



n = 1  -3 (Oil equivalen t s )  

n 1 (hydro elec trici ty) 
n2 (na tural gas)  
n4 ( coal)  
n5 (wood) 
m1 ( elec trical outpu t )  
m2 ( high grade transpor t )  
m3 ( indu s trial hea t )  
m4 c�vater hea ting ) 
m5 ( space heat ing ) 
m6 ( cooking ) 

F Ra t io = 8 . 96 (df , V1 = 1 0 , 

�= 1  ( Coal equivalent s )  

n1 ( hydro elec tricity) 
n2 (natural gas )  
n3 ( coal)  
n5 (wood ) 
m1 ( electrical outpu t )  
m2 (high grade transpor t )  
m3 ( industrial hea t )  
m4 (wa ter hea t ing) 
m5 ( space hea t ing) 
m6 ( cooking ) 

3 3  

E s t ima te o f  S t andard 
Co-e f f ic ient Deviat ion ' t Rat io 

3 . 00 0 . 56 5 . 3 1 
0 . 88 0 . 1 5 5 . 9 3  
0 . 67 0 . 1 3 5 . 24 
0 . 1 3 0 . 1 5 0 . 8 3  
3 . 6 6  0 .  7 4  4 . 94 
7 . 27  1 . 2 9  5 . 64 
2 . 5 4 0 . 5 2  4 . 88 
3 . 28 0 . 6 7 4 . 90 
2 . 9 6  0 . 5 6  5 . 2 7 
7 . 3 9  0 . 9 9 7 . 4 9  

v2= 2 1 ) , s ignifican t  a t  the p=0 . 00 1  

Estimate of S tandard 
Co-ef fic ient Devia tion 

3 . 4 6  
1 . 0 2  
0 . 85 
0 . 1 7  
4 . 20 
6 . 8 2 
2 . 90 
3 . 7 6  
3 . 39 
8 . 4 9 

0 . 6 2 
0 . 1 6 
0 . 1 7 
0 . 1 7 
0 . 8 2 
1 . 7 7  
1 . 5 8  
0 . 7 4 
0 . 6 3  
1 . 07 

t Ratio 

5 . 5 8 
6 . 33 
5 . 24 
1 . 0 1  
5 . 09 
3 . 8 6 
4 . 9 9 
5 . 06 
5 . 4 2  
7 . 9 6 

Level of 
S igni f i c ance ( 2P )  

< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

<0 . 5 0  >0 . 20 
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

level . 

L evel of 
S ignit ic ance ( 2P )  

< 0 . 00 1  
< 0 . 001  
< 0 . 00 1  

< 0 . 5 0>0 . 20 
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
<0 . 00 1  

F Rat io = 7 . 7 9  (df , v1 = 10 , v2= 2 1 ) , s ignif icant a t  the p=0 . 0 1 level . 

n5= 1  (Wood equivalen t s )  

(hydro elec tric ity) 
( na tural gas )  
( o il )  
( coal)  
( electrical outpu t )  
(high grad e  transpo r t )  
( indus tr ial heat)  
(water hea t ing)  
( space heat ing) 
( c ooking) 

Estima te o f  S tandard 
Co-e f f ic ien t  Deviat io n  

0 . 9 2  
0 . 3 3  
0 . 25 
0 . 2 7 
1 . 20 
1 . 94 
1 . 1 9 
1 . 0 9  
1 . 9 6  
2 . 48  

1 . 1 9 
0 . 3 3  
0 . 30 
0 . 2 6  
1 . 5 0 
2 . 8 2 
1 . 0 3  
1 . 3 5  
1 . 1 2 
2 . 5 9 

t Rat io 

0 .  7 7  
1 . 0 1  
0 . 83  
1 . 0 1  
0 . 80 
0 . 6 9  
1 . 1 6 
0 . 8 1  
1 .  7 5  
0 . 96 

Level of 
S ignif ic ance ( 2P )  

< 0 . 50>0 . 20 
< 0 . 50 >0 . 20 
< 0 . 50>0 . 20 
< 0 . 5 0>0 . 20 
< 0 . 50>0 . 20 
< 0 . 5 0 >0 . 20 
< 0 . 5 0>0 . 20 
< 0 . 5 0 >0 . 2 0  
< 0 . 1 0>0 . 05 
< 0 . 5 0 >0 . 20 

F Rat io = 0 . 4 3  (df , v 1= 10 , v2=2 1 ) , no t s ignif icant a t  the p =0 . 1 0 l evel . 
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m = 1  -1 (Elec t r ical output equ ivalen t s )  

Estimate o f  S tandard t Ratio Level of 
Co -e f f ic ient Deviat ion S igni f icance ( 2 P )  

n 1 ( hydro electricity) 0 . 5 9  0 . 1 1 5 . 1 6 0 . 0 0 1  
n2 (natural  gas ) 0 . 1 7 0 . 03 5 . 3 1  0 . 0 0 1 
n3 (oil)  0 . 1 5 0 . 03 4 . 94 0 . 0 0 1  
n4 (coal)  0 . 1 3 0 . 0 3  5 . 09 0 . 0 0 1  
n5 (wood) 0 . 0 2 0 . 02 0 . 80  0 . 50 0 . 20 
m2 (high grade transp o r t )  1 . 1 5 0 . 3 2 3 . 5 5  0 . 0 1 0 . 00 1  
m3 ( indus trial heat )  0 . 4 6  0 . 1 1  4 . 00 0 . 0 0 1  
m4 (\vater hea ting) 0 . 60 0 . 1 5 4 . 1 0 0 . 00 1  
m5 ( space hea t ing) 0 . 5 3  0 . 1 3 4 . 2 5 0 . 0 0 1  
m6 ( cooking ) 1 . 35  0 . 24 5 . 6 6  0 . 0 0 1  

F Rat io = 4 . 1 7 (df , v1 = 1 0 , V 2= 2 1 ) , s igni f ic ant a t  the p=0 . 00 5  level . 

�2= 1  (High grade transpo rt equivalen t s )  

n 1 (hydro elec tric ity) 
n2 (natural gas )  
n3 (oil ) 
n4 ( coal)  
n5 (wood ) 
m 1 (elec trical outpu t )  
m3 ( indus tr ial heat)  
m4 (water hea ting) 
m5 ( space hea ting) 
m6 (cooking) 

F Rat io = 3 . 4 1  (df , V1 = 1 0 , 

Estimate o f  S tandard 
Co -effic ient Devia t ion 

0 . 28 0 . 07 
0 . 08 0 . 0 2  
0 . 08 0 . 0 1  
0 . 06 0 . 02 
0 . 0 1  0 . 0 2  
0 . 3 3  0 . 0 9  
0 . 23 0 . 06 
0 . 2 9  0 . 08 
0 . 26 0 . 07 
0 . 6 6 0 . 14 

v2= 2 1 ) , s ignifican t  a t  

m = 1  -3 ( Industrial heat equivalen t s )  

n 1 (hydro elec tric ity) 
n2 (natural gas )  
n3 ( o i l )  
n4 ( coal)  
n5 (wood)  
m 1 ( electric al outpu t)  
m2 (high grade transpor t )  
m4 (wa t er hea t ing) 
m5 (space hea t ing) 
m6 (cooking) 

F Rat io = 4 . 00 (df ' V ·= 1 0  1 ' 
'· 

Estimate o f  S tandard 
Co-e f f ic ient Deviat ion 

0 . 8 3 0 . 1 7 
0 . 24  0 . 05 
0 . 2 1  0 . 04 
0 . 1 9 0 . 04 
0 . 05  0 . 04 
0 . 94 0 . 2 4  
1 . 63 0 . 47 
0 .  7 7  0 . 1 8 
o .  7 7  0 . 1 8 
1 . 9 1  0 . 35 

V2=2 1 ) , s igni f ic an t  a t  

t Ra t io 

4 . 1 1 
4 . 0 7 
5 . 64 
3 . 8 6 
0 . 6 9  
3 . 5 5  
3 . 50 
3 . 5 4  
3 . 7 0  
4 . 6 5  

the p=0 . 0 1  

t Rat io 

4 . 8 9  
5 . 2 3  
4 . 8 8  
4 . 9 9  
1 . 1 6 
4 . 0 0  
3 . 5 0  
4 . 3 2  
4 . 3 2  
5 . 5 1  

the p=0 . 00 5  

Level o f  
S ignif icance ( 2P )  

< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

<0 . 50 >0 . 2 0 
<0 . 0 1 >0 . 00 1  
< 0 . 0 1 >0 . 00 1  
<0 . 0 1 >0 . 00 1  
<0 . 0 1 >0 . 0 0 1  

< 0 . 00 1  

leve l . 

Level of 
Signif i cance ( 2P )  

< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

<0 . 50 >0 . 20 
< 0 . 00 1  

<0 . 0 1 >0 . 00 1  
<0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

l evel . 
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� = 1  (Hater hea t ing equivalents)  

n .  (hydro elec tr icity) 
1 (natural gas)  n2 n3 (oil)  

n4 (coal)  
n5 (wood ) 
m 1 (electrical output )  
m2 (high grade transpo r t )  
m3 ( industrial heat )  
m5 ( space hea ting) 
m6 ( cooking ) 

F Ra tio = 4 . 24 (df ' v1 = 1 0 ,  

Es t imat e  o f  S t and ard 
Co -e f f ic ient Devia t ion 

0 . 6 6 0 . 1 3 
0 . 1 9 0 . 03 
0 . 1 6 0 . 03 
0 . 1 5 0 . 03 
0 . 03 0 . 0 3 
0 . 7 4 0 . 1 8 
1 .  2 7  0 . 3 6 
0 . 5 1  0 . 1 3 
0 . 5 9  0 . 1 4 
1 . 50  0 . 2 6 

v2=2 1 ) , s ignif icant a t  

m = 1  -5 ( Space hea t ing e1uivalents)  

(hyd ro elec tricity) 
(natural ga s )  
(oil)  
( coal ) 
(wood ) 
( elec trical outpu t )  
(high grade transport)  
( industrial heat )  
(water hea ting ) 
(cooking) 

Es t ima te o f  
Co-efficient 

0 . 7 6  
0 . 2 2 
o .  1 9 
0 . 1 7 
0 . 07 
0 . 86 
1 . 5 0  
0 . 6 1  
0 . 7 7  
1 .  7 5  

S t andard 
Deviat ion 

0 . 1 5 
0 . 04 
0 . 04 
0 . 03 
0 . 03 
0 . 20 
0 . 4 0  
0 . 1 4 
0 . 1 8 
0 . 2 9 

t Ra t io 

5 . 1 2 
5 . 54 
4 . 90 
5 . 0 6  
0 . 8 1  
4 . 10 
3 . 54 
4 . 0 1  
4 . 2 6  
5 . 7 2  

the p=0 . 005 

t Rat io 

5 . 2 2  
5 . 6 7  
5 . 2 7  
5 . 4 2  
1 .  7 5  
4 . 25 
3 . 7 0 
4 . 3 2 
4 . 2 6 
6 . 0 1  

Level o f  
S ign i f icance ( 2 P )  

< 0 . 00 1  
< 0 .00 1 
<0 . 00 1  
< 0 . 0 0 1  

<0 . 50>0 . 2 0 
< 0 . 00 1  

< 0 . 0 1 >0 . 0 0 1  
<0 . 00 1  
<0 . 00 1  
< 0 . 0 0 1  

level . 

Level o f  
S igni f icance 

< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

( 2P)  

< 0 . 10>0 . 05 
< 0 . 00 1  

< 0 . 0 1 > 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  

F Rat io = 5 . 6 6  (df , v1= 1 0 , v2= 2 1 ) , s igni f icant a t  the p=0 . 00 1  level . 

�= 1  ( Cooking equivalen t s )  

n 1 (hyd ro elec tr icity) 
n2 (natural gas )  
n3 (oil)  
n4 (coal)  
n5 (wood ) 
m1 (elec trical outpu t )  
m2 (high grade transpor t )  
m3 ( industr ial heat ) 
m4 (water heat ing) 
m5 - ( sp ac e  heating) 

Estimate o f  S t andard 
Co-e fficient Deviat ion 

0 . 39 
0 . 1 2 
0 . 1 0 
0 . 09 
0 . 0 2  
0 . 4 5  
0 .  7 7  
0 . 3 1  
0 . 40 
0 . 3 6  

0 . 05 
0 . 0 1  
0 . 0 1  
0 . 0 1  
0 . 02 
0 . 08 
0 . 1 7  
0 . 06 
0 . 07 
0 . 06 

t Ratio 

7 .  7 3  
9 . 7 3 
7 . 49  
7 . 9 6  
0 . 9 6  
5 . 6 6  
4 . 65 
5 . 5 1  
5 .  7 2  
6 . 0 1  

Level o f  
S igni f icance ( 2 P )  

< 0 . 00 1  
< 0 . 00 1  
<0 . 00 1  
< 0 . 00 1  

< 0 . 50>0 . 20 
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
<0 . 00 1  

F Ratio = 2 1 . 5 2 (df , v1 = 10 , v2=2 1 ) , s ignificant a t  the p=0 . 00 1  leve l . 
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3 . 6 . 2  A n  Example of the Computer Printout for Mode l  n1 = 1 

An example of the computer printout for the model n 1 = 1 ,  is  

included below. 

T H E  REGR ES S I ON EGUii T l ON IS  
C 2 1 = 0. 224 C 2  + 0 1 9 1  C 3  + 0 .  1 73 C 4 t 0 0300 CS • 0 �44 C l  

+ l .  58 C S + 0 . 6 4 2  C l O + 0 0 4 6  C l l  + 0 7 4 6  C l :t •· l Uu t l :J 

C O LUMN COEFF I C I E NT 

S T .  OEV. 
OF COf.F 

T -flAT 1 0 -
COE: F / S  D 

NO CONSTANT 

C2 

C3 

C4 

C S  

C 7  

C S  

C 1 0  

c 1 1 

C 1 2  

C 1 3  

0 .  �22 •'..0 i 0 .  03696 
0.  1 <; I "<0 0 .  0::3603 

0. l l . J2 0 .  030'/6 
0 o;:.'lY6 0 o:m·t s 

0 � 4 4 2  0 l B:!b 
1 :.•UO i 0 .  384:l 
0 c, ·.;. � J  0 ! 3 J :.J 
0 j 1 ij !j� 0 1 6 :,:? 

0 7 ·1 6 :!  0 .  j 4;;n; 
I 8>J4 I 0 .  :2437 

ANALYS I S  OF VAR I AN C E  

DUE TO D F  

R E GR ES S I ON 1 0  

R E S I DUAL 2 1  

TOTAL 3 1  

FUR H£R ANAL Y S I S  

ss E XPLA I NE D  D Y  

DV£ TO OF 
R E GRESS I ON 1 0  

C 2  1 

C 3  1 

C4 1 
C ::l  1 
C 7  1 

C S  1 

C l O 1 

C 1 1 

C 1 2  

C 1 3  

R OW C2 
1 0 . 0 1  

2 3 . 84 

3 0 . 03 

4 0. 0 1  

5 0. 1 7 
6 0. 0 1  
7 0. 02 

8 1 .  57 

9 0 . 06 

1 0  0 . 0 1  

1 1  0.  0 1  

1 2 3. 84 

1 3 0. 03 
1 4 0. 0 1  

1 5  0 .  0 1  

1 6  3. 84 

1 7  0 .  03 

1 8  1 .  8 1  
1 9  0 .  06 

20 1 .  84 

2 1 0 . 03 

22 0. 1 7  

2 3  0 . 0 1  

24 3. 84 

:25 0 . 03 

26 0. 0 1  

27 0 . 02 

28 0. 07 

29 8. 8 1  
3 0  0. 04 

: n  5 .  1 6  

ss 
7. 7398 

2. 1 3 3 5 

9. 8733 

MS�S!l / DF 

0 .  / 7 40 
0 .  1 0 1 6  

OF VAR I ANCE 

EACH VAR I ABLE WHEN EN I �R£0 I N  

ss 
7. 7398 

0 . 0325 
0. 1 1 5 5  
0 . 0 1 1 7  

0 .  1 023 

0 .  3082 

0 .  085 1 

0. 2203 

0. 3 7 4 7  

0 .  4 1 36 

6. 0758 

y PRED. y S I  DEV. 

C2 1 VALUE P f!ED y 
-0 0300 -0. 1 34 8  0. 1 8 1 7  

- 0 . 0400 -0. 0443 0 .  ! 8 1 1 

-0 0 400 -0. 1 5 1 2  0 .  1 8 1 3  

- 1  1 40 0  -0. 9 1 97 0. 1 8 1 1 

-0 :3600 -0. 3600 0. 3 ! 8 7 

-0 0400 -0 3 6 5 7  0 .  1 1  '79 
-0 0200 -0. 3284 0. 1 1 96 

-0 O:JOO -0. 2 7 5 5  0 .  1 1 92 --0 1 200 -0. 4479 0. 1 5 � 5  

- 1  1 40 0  -o.  6 1 78 0 1 296 
-0 0300 0. 1 6 7 1  0 .  1 4'79 

-0 04 00 0 . 2 57 6 ll .  1 4'14 

-o 0 4 0 0  0 .  1 50 7  0 .  1 4'10 

- 1  1 4 00 -0. 82 1 4 0 .  1 63:::> 
-0. 0300 -0. 0364 0 .  1 702 

-0 0400 0 . 054 1 0. 1 64 4  

- 0 .  0 4 0 0  -0. 0529 0 .  1 698 

-0 0300 -0. 4 2 34 0 1 480 

-0 0 1 00 -0. 3404 0 .  1 2/ 3  

-0 . 0400 -0. 3 1 7 1  0 .  1 2"/2 
- 0 .  0300 -0. 3333 0 .  1 278 
-0 3300 -0. 2 1 07 0. 302:2 

-0. 0300 0 . 063 1  0 .  1 50tl 

-0 .  0 4 0 0  0 .  1 536 0 .  1 502 

-0 . 04 00 0. 0467 0 .  1 498 

- 1 .  1 4 0 0  -0.  72 1 8  0 1 4 1 0  

- 0 . 0700 -0. 0286 0. 2563 

-0. 0900 -0. 06 1 0  0 .  2 5 6 6  

-0. 0900 0. 1 796 0.  2306 

-2 . 0900 - 1 . 8495 0 .  2397 

-0 1 00 0  -0. 6805 0 .  1 697 

b Oc 
� :J l 
�) �:;( J 
0 7 /  
:)  ! f) 
4 1 1  
4 t ; - ;  
:.., ! ._ 

1 HE nrwu� 

R E S I DUAl 
0 ! (14U 
0 .  00'1 :1 

0. ! 1 1 2 
-0. �203 

0 000(1 
0 ]�'�· !  
0 :J(;U4 
0 2 4 !:J �  
0 �J;•/ 'I 

-o 5 ;;';!;' 
· 0  I '17 l 
· (J  2'1"/ 6  -·0 . l '10"1 
-0 3 l lJ6 

0. 0064 
- 0 . 094 1 

0. 0 1 2'} 

0 �l'/34 
0 3:J04 

0 .  2TI I  
0 303:) 

--0 1 1  't 3 

-0. O?J ! 

-0 1 'i'.J6 
· 0 .  006/ 

-0 4 1 E:Q 

-0 . 0 4 1 4 

-0 . 02"f0 
-0. 2696 

-0. 2 4 0 5  

0 .  5805 

G l VLN 

S I  H L � 
0 4 0  
0 o; ' 
0 li , • 

-·0 b •l 
0 00 
I 1 0  
l 04 

0 .  8:) 
1 I IJ 

- 1 ]'I 
·0 t O  

I (J(J 
lJ 6U 

· I  1 1> 
0 o;' 

·0 :J4 
0 .  ( I �� 
1 : 1'/ 
I J 'j 

() r; 'J 
1 (J>j 
I l U  
0 :..u 

· U  (I'] 
-o :1 1 

- 1 '1 6 
·-0.  ���� 
- 0  � �  
"' 1 .  �:-J -- 1 . 1 4  

2 1 �  

'· 
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I t  should be noted on this p rint-o ut that : 

C l  X 1 , C 2  = Xz , C 3  = X 3 , C4 = X4 , CS 
C lO Y 3 , C l l  = Y 4 , C l 2  = Y 5 , C l 3  = Y 6 • 

3 . 6 . 3  Interpretation of Results 

X s , C7 

3 . 6 . 3 . 1 Estimates of Coefficients and t Ratios 

Y 1 , C 8  Y z , 

Irrespective of what variable was chosen as  the equivalencing 

variable ,  the same pattern of es tima tes of the coefficients resul ts . 

That is , hydro-electricity was found to be the highest qual ity energy 

input ( highest es timates of coefficient ) ,  followed by natural gas , oil , 

coal and finally by wood . Simi larly the cooking output was 

always found to have the highest  estimates for its coefficient , 

indicating that it was the highest quality energy output . Cooking was 

then followed by the other outputs - high grade transport , elec trical 

output , water heating , space hea ting and finally industrial heat . 

It  should be noted that these e s timates o f  the co-effic ients 

appear to make good technical and physical sense . That is , the 

recognised higher quality energy sources , such as electricity,  have 

larger coefficients than the recognised lower quality energy sources .  

Similarly ,  the often referred to lower grade ( quality ) uses ( output s )  

are also predicted by the modelling process , with water heating , space 

heating and industrial heating having the lowes t  coefficients . 

The t ratios measure the degree of accuracy of  the estimates o f  

the coefficients . For all �odels ( except n5 = 1 and m2 = 1 ) ,  the 

coefficients were all significant at the 2p = 0 . 00 1  l evel ( exce pt n 5 and 

mz ) .  The exceptions are due to the error associated with the n 5 ( wood ) 

and mz ( high grade t ransport ) coefficients . However i t  s hould be noted 

that acceptable estimates for the � coefficient were obtained for t he 

models :  n 1 = 1 ,  n2 = 1 ,  n3 = 1 ,  n4 = 1 and m 6 = 1 .  

> 

This general high level o f  s ignificance of  the t Ratios , means 
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that very accurate es timates were obtained for the quality 

coefficients . This , in turn , means that the quality coefficients can 

be used with some degree of confidence in further analyses . 

3 . 6 . 3 . 2  F Ratios 

The F Ratios indicated that all the model s ,  except n 5 = 1 ( wood 

equivalents ) model , were s tatistically highly significant . This 

indicate s , at least in this case , that it is unimportant which variable 

is used as the equivalencing unit . Therefore , at least in this case , 

the modell ing procedure of choosing an arbi trary variable as the 

equivalencing unit ,  is valid and flexible in its application . 

The most significant model was : 

m6 = 1 ( Cooking equivalents ) ,  F Ratio = 2 1 . 52 ,  followed by the following 

models in de creasing o r de r :  

n2 = ( gas e q :Jivalen t.s ) ,  F Ratio = 1 1  • 30 ' 

n3 = ( oil equivalents ) ,  F Ratio = 8 . 9 6 

nit = ( coal equivalents ) ,  F Ratio = 7 . 79 

nl = ( hydroelectric e quivalents ) ,  F Ratio = 7 . 62 

ms = ( space heating equivalents ) ,  F Ratio = 5 . 66 

ffilt = ( water heating equivalents ) ,  F Ratio = 4 . 24 

ffi l  = ( el ectrical output equivalents ) ,  F Ratio = 4 . 24 

ffi 3 = ( industrial heat equivalents ) ,  F Ratio = 4 .  1 7  

ffi2 = ( high grade transport equivalents ) ,  F Ratio = 3 . 4 1  

ns = ( wood equivalents ) ,  F Ratio = 0 . 43 

The first six models ( �  = 1 ,  � = 1 , n3 = 1 , nit = 1 , n1 = 1 , m5 = 1 )  were 

significant at the p = 0 . 00 1  leve l , the next three models ( � = 1 ,  m1 = 

1 ,  � = 1 )  were significant at the p = 0 . 005  level , and the last model 

( � = 1 )  was not significant at the p = 0 . 1 0  leve l . 

The wood equivalents model ( n5 = 1 )  was ins ignificant because of  

the error associated with the X5 variable . This error is due to there 

being only two data points for the X5 variable ,  and the inaccuracy 

associated with these two data points ( as is indicated by the low t 

ratios of the n scoefficients obtained in other models ) .  Similarly , the 

h igh grade t ransport model ( m2 = 1 )  was less  s ignificant than the other 

models , as there was only one data point for the Y2 variable .  However , 

in this case , there was not so much inaccuracy associated with the  Y2 
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variable ( as indicated by the relatively high t ratios of  the m2 

coefficients obtained in the other models ) .  Therefore , this offse t  the 

effect of there only being one data point for the Y2 variable . 

3 . 6 . 4  Model Selection and Improvement 

The "best"  model appears to be m = 1 ( cooking e quivalents ) ,  as  it 

has the highest F ratio and it  makes good physical and technical sense . 

However ,  as it is conceptually difficult t o  refer to  cookin g equi valent s ,  
i t  is  recommended that the coefficients i n  this model be converted to 

hydro-electricity equivalents - this can be done by dividing each 

coe fficient by 0 . 39269 

Cooking Hydro-electric 

e quivalents equivalents 

n l ( hydro-electricity ) 0 . 39269  1 . 0000 

nz ( natural gas ) 0 . 1 1 600 0 . 2954  

n3 ( oil ) 0 . 09 839  0 . 2506 

n4 ( coal ) 0 . 08844 0 . 2252 

ns ( wood ) 0 . 0 1 690 0 . 0430 

ml ( electrical output ) 0 . 44779 1 • 1 403 

mz (high grade transport ) 0 . 7 69 1 1 . 9585  

m3 ( industrial heat ) 0 . 30886  0 . 7865  

m4 ( water heating ) 0 . 404 3 1  1 . 02 9 6  

ms ( s pace heating ) 0 . 3 6029 0 . 9 1 75 

lilt; ( cooking ) 1 .  0000 2 . 54 6 5  

I t  i s  recommended that this be referred to the n i ( m G )  mode l , 

that the coefficients are expressed in terms of  n1 multiples 

( hydro-electricity e quivalents ) ,  but the model was originally 

de termined by equating m G to unity.  

3 . 7  Post Regres sion Analysis of  Pathways , for the Ms Model 

indi cating 

Conventionally , in regres s ion analysis the examination of  the  

residual s of the  equations forms an important part o f  the  model l i ng 

process  ( Draper and Smith , 1 9 8 1 ) .  Similar , post regression examination 

and analysis of  the pathways ( equations ) ,  can also provide the analys t 

with extra information and insight to the nature of  the mode l . 
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3 . 7 . 1 Residuals of Pathwavs ( Re la tive Net Ener gy Yield) 
Table 3 . 3  det ails the analysis o f  the res iduals  for the M6 mo del . 

Convent ionally , the data p resented in Table 3 . 3  is p lo t t ed in various ways 

( re fe rred to as residual �lot s ) . In fact , res i dual p lots  are routine ly 
p ro duced by regress ion p ro gramme packages . O ften this can act  as  a diagno s t i c  
as  t o  where "erro rs "  are occurring in the mo de l ,  and therefore can lead t o  a 
mo re a ccurate refo rmula tion o f  the model . In this case , the res idual plot  
( Fig . 3 . 1 )  is s a t i s factory as the re siduals appear to be randomly dis t ribut e d  
a round the o rigin . The re fo re , there is no need to mo dify the general  equation 

use d  in the model . 

2 .0 

1 .0 
"' :J '0 .. • a: 
1 
• :0 
• 
l • .. (I) - 1 .0 

0 

0 

0 0 

0 
0 

0 

0 

����-r��-.r-r-�,-,--r-r���� Pethwey No 
02 4 e 8 1 0 1 2  0 o 1 8 2 0 2 2 2 4 2 8 2 8 30 3 2  

1 4 1 8 
0 0 0 

0 
0 

0 0 0 
0 

0 0 0 

Fig . 3 . 1 :  Residual Plot : S tandardised Residual vs Pathways for M6 Model o f  New Zealand 
Economy , 1 9 7 6 .  

It  should be no ted,  that a higher posit ive residual , doe s  no t ne ces s ­
arily imp ly a higher relat ive e ff iciency ( Q )  o f  the p athway . This would only 
b e  the case i f  the inputs ( IQ )  were numerically the s ame s um fo r ea ch pa thway . 
The relat ionship be tween the relat ive e f ficiency ( Q )  and the res idual ( Q )  
o r  the relat ive n e t  ene rgy yield (Q)  is given by the fol lowing equa tion : 

Relat ive e f ficiency ( Q )  Residual ( Q )  + IQ 
IQ ( 3 .  1 )  

I t  should also b e  no ted tha t  an analysis  o f  the resi duals s imi lar to  
that det ailed by Tab le 3 . 3 ,  is ro utinely pro duced by mos t  regres s iop p ro gramme 
p a ckages . Therefore , al though as p revious ly mentione d , the e xamination o f  
the res iduals is no t s o  import ant in this app lication ;  



Tab l e  3,3 :  Analys i s  o f  Res i dua l s ,  for Cooki ng Equ i val ents (M6 )  for the New Zeal and Economy, 1976 

Pathway Actual -X1 Predi cted - X 1  Standard Resi duaL Standard i sed 
( -Y6 )  ( -Y6 ) Dev i a t i on ( ( -Y6 ) - ( -Y6 ) } Res i dual 

o f  -Y6 
1 .  Coal 1 El ect . 4 El ectri cal Output 0 . 0000 -0 . 02 1 7  0 . 0835 0 . 02 1 7  0 . 18 
2 .  Gas 1 E l e c t .  1 El ectrical Output 0 . 0000 0 .0336 0 . 0823 -0 ,0336 -0 . 28 
3 .  O i l ? E l ec t .  � E l ectri cal Output 0 . 0000 -0 . 0243 0 . 0833 0 . 0243 0 . 20 
4. Hydro ? El ect .  � E l ectri cal Output 0 . 0000 0 . 0124 0 . 0855 -0 . 0124 -0 . 1 1  
5 .  O i l  ? H i g h  Grade Transport 0 . 0000 0 . 0000 0 . 1455 0 .0000 0 . 00 
6 .  Coal t I ndustri al Heat 0 . 0000 -0 . 1516  0 . 0543 0 . 1516  1 . 12 
7 .  O i l � I ndustrial Heat 0 .0000 -0 1 1396 0 . 0547 0 . 1396 1 . 04 
8 .  Gas � I ndustri a l  Heat 0 .0000 -0 . 1073 0 . 0549 0 . 1073 0 . 80 
9 .  Wood + I ndustri al Heat 0 .0000 -0 . 1572 0 . 0702 0 . 1572 1 . 23 
10 . Hydro � El ec t .  ? I ndustri al Heat 0 .0000 0 . 1 5 14 0 . 0 7 1 5  -0 . 1514  - 1 . 19 
1 1 .  Coal + E l ec t .  t I ndus tri al Heat 0 . 0000 0 . 1 172 0 . 0665  -0 . 1 172 -0 . 9 1  
1 2 .  Gas � E l ec t .  ? I ndustri a l  Heat 0 . 0000 0 . 1726 0 . 0641 -0 . 1 726 - 1 . 32 
1 3 .  O i l  � E l ect .  + I ndustri al Hea t 0 . 0000 0 . 1 146 0 . 0660 -0 . 1 146 -0 .88 
1 4 .  Hydro � E l ect.  t Wate r Heati ng 0 . 0000 0 . 0559 0 . 0802 -0 .0559 -0 . 46 
1 5 .  Coal � E l ec t .  ? Water Hea t i n g  0 . 0000 0 .0217  0 . 0776 -0 . 02 1 7  -0 . 18 � 
16 . Gas � El ect. ? Water Hea t i n g  0 . 0000 0 . 07 7 1  0 . 0737 -0 .0771  -0 . 6 1  ._. 
1 7 .  O i l � El ec t .  � Water Heati ng 0 .0000 0 .0191  0 .0774 -0 . 19 1  -0 . 16 
18 .  Gas ? Water Hea ting 0 . 0000 -0. 1739 0 .0682 0 . 1 739 1 . 35 
1 9 .  Coal + Space Heati ng 0 . 0000 -0 . 1485 0 . 0584 0 . 1485 1 . 1 1 
20.  Gas + Space Heati ng 0 . 0000 -0 . 1225 0 . 0584 0 . 1225  0 . 92 
2 1 .  O i l  + Space Heat i ng 0 . 0000 -0 . 1362 0 .0586 0 . 1362 1 .02 
22 . Wood � Space Hea t i ng 0 . 0000 0 . 0572  0 . 1379 -0 . 0572 - 1 . 23 
23 . Coa l ? E l ect.  � Space Heati ng 0 . 0000 0 . 0658 0 . 0679 -0 . 0658 -0 . 5 1  
2 4 .  Gas � E l ec t .  � Space Heati ng 0 .0000 0 . 12 1 1  0 .0661  -0 . 12 1 1  -0 . 93 
25 .  O i l  � �l ect. 1 Space Hea t i n g  0 .0000 0 . 0632 0 . 0676 -0 . 0633 -0 . 49 
26 . Hydro � E l ec t .  ? Space Heati ng 0 . 0000 0 . 0999 0 .0735 -0 . 0999 -0 . 80 
2 7 .  CQal � E l e� t .  � Cooking 1 . 0000 0 .  9775 0 . 1 169  0 . 0225 0 . 26 
28 . O i l  t E l ec t .  ? Cook i ng 1 . 0000 0 . 9731 0 . 1 1 70 -0 . 0269 0 .31 
29 . Gas � El ec t .  � Cooki ng 1 . 0000 1 . 1036 0 . 1062 -0 . 1036 - 1 . 04 
30 . Hydro 1 Cooki ng 1 . 0000 0 . 8388 0 . 1063 0 . 1612  1 . 62  
3 1 .  Gas 1 Coo k i ng 1 . 0000 0 .6624 0 .0626 0 . 3376 2 . 57 
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Tabl e 3 . 4 :  Numeri cal Cal cu l a t i ons for Pathways of the n 11!% l Model of the New Zea l and Economy ,  1976 

Pathways 
Outputs 

( O Q )  

1 .  Coal � E l ect . � E l ectri cal Output 1 . 1403 
2 .  Gas � E l ect .  j E l ectri ca l  Output 1 . 1403 
3 .  O i l  � E l ect . � E l ectri cal Output 1 . 1403 
4 .  Hydro i E l ec t .  � E l ectri cal  

Output 1 . 1403 
5 .  O i l � El ec t .  � E l ectri cal Output 1 .  9585 
6 .  Coal � I ndus tri a l  Heat 0 . 7865 
7 .  O i l � I ndustri a l  Heat 0 . 7865 
8 .  Gas � I ndustri a l  Heat 0 . 7865 
9 .  Wood � I ndustri a l  Heat 0 . 7865 
10 . Hydro � E l ec t .  � I ndustri a l  Heat 0 . 7865 
1 1 .  Coal � E l e c t .  t I ndustri a l  Heat 0 . 7865 
1 2 .  Gas � E l ect.  � I ndus trial  Heat 0 . 7865 
1 3 .  O i l � El ec t .  � Industr i a l  Heat 0 . 7865 
14. Hydro � E l ec t .  � Water Hea t i n g  1 . 0296 
1 5 .  Coal j E l ect. � Water Hea t i n g  1 . 0296 
1 6 .  Gas � E l ect . � Water Heati n g  1 . 0296 
1 7 .  O i l  � El ec t .  � Water Heati n g  1 . 0296 
18.  Gas � Water Heati ng 1 . 0296 
1 9 .  Coal � Space Heati ng 0 . 9175 
20 . Gas t Space Hea t i ng 0 . 9 1 75 
2 1 .  O i l 1 Space Heating 0 . 9175 
22 . Wood � Space Heati ng 0 . 9 1 75 
23 . Coal 1 E l ect .  � Space Hea t i n g  0 .  9 1 7 5  
2 4 .  Gas � E l ect . � Space Heati ng 0 . 9 1 75 
2 5 .  O i l  � El ec t .  � Space Hea ti ng 0 . 9175 
26 . Hydro � E l ect .  � Space Hea t i ng 0 . 9175 
27 . Coal  � El ec t .  � Cooking 2 . 5465 
28 . O i l  1 E l ect.  ' Cooki ng 2 . 5465 
29 . Gas -t E l ec t .  .; Coo k i ng 2 . 5465 
30 . Hydro � Cooki ng 2 . 5465 
3 1 .  Gas � Cooki ng l 2 . 5465 

I nputs 
( IQ )  

Outputs 
( OH )  

1 . 0849 1 . 0000 
1 .  2260 1 . 0000 
1 . 0785 1 . 0000 

1 . 1720 1 . 0000 
1 . 9587 1 . 0000 
0 . 4005 1 . 0000 
0 . 43 1 1  1 . 0000 
0 . 5133 1 . 0000 
0 . 3860 1 . 0000 
1 . 1720 1 . 0000 
1 . 0849 1 . 0000 
1 . 2260 1 . 0000 
1 . 0785 1 . 0000 
1 . 1 720 1 . 0000 
1 . 0849 1 . 0000 
1 . 2266 1 . 0000 
1 . 0785 1 . 0000 
0 . 5867 1 . 0000 
0 . 5392 1 . 0000 
0 . 6056 1 .0000 
0 . 5708 1 . 0000 
1 . 0629 1 . 0000 
1 . 0849 1 . 0000 
1 . 2260 1 . 0000 
1 . 0785 1 . 0000 
1 . 1720 1 . 0000 
2 . 4891 1 . 0000 
2 . 4784 1 . 0000 
2 . 8105 1 . 0000 
2 . 1361  1 .0000 
1 . 6869 1 . 0000 

I nputs 
( I  H) 

4 . 7000 
4 . 0900 
4 . 2 100 

1 .  2700 
6 .  7700 
1 .  6300 
1 . 6700 
1 . 6800 
3 . 6900 
1 .  2700 
4 . 700 
4 . 0900 
4 . 2 100 
1 .  2700 
4 . 7000 
4 . 0900 
4 . 2 100 
1 .  9300 
2 . 3300 
1 .  9700 
2 . 2000 

10 . 1 500 
4 . 7000 
4 . 0900 
4 . 2100 
1 . 2 700 

10 . 7800 
9 . 6800 
9 . 3800 
2 . 2700 
5 . 5300 

Re lati ve 
Effi c i ency 

( Q )  
( OQ/ I Q )  

1 . 0510 
0 . 9301 
1 . 0573 

1 . 0278 
0 . 9999 
1 . 9636 
1. 8245 
1 . 5322 
2 . 0374 
0 . 67 1 2  
0 . 7249 
0 . 64 1 5  
0 . 7293 
0 . 8785 
0 . 9490 
0 . 8398 
0 . 9547 
1. 7549 
1. 7015 
1 .  5151 
1 .  6087 
0 . 8632 
0 . 8457 
0 . 7484 
0 . 5141 
0 . 7828 
1 . 0230 
1 . 0275 
0 . 9061 
1 . 192 1 
1 . 509 

Re l a t i ve 
E ffi c i ency Qual i ty o f  Qua l i ty o f  Net Energy 

( H )  I nputs Outputs Y i e l d  
( OH/ I H )  ( IQ/ I H )  ( OQ/OH)  ( OQ- I Q )  

0 . 2128 0 . 2328 1 . 1403 0 . 0554 
0 . 2445 0 . 3530 1 . 1403 -0 . 0857 
0 . 2375 0 . 2568 1 . 1403 0 . 06 18 

0 . 7874 0 . 9268 1 . 1403 -0 . 03 1 7  
0 . 1477 0 . 29 10 1 .  9585 -0 . 0002 
0 . 6 135 0 . 2478 0 . 7865 0 . 3860 
0 . 5988 0 . 2591 0 . 7865 0 . 3554 
0 . 5952 0 . 3586 0 . 7865 0 . 2732 
0 . 2 7 10 0 . 1 104 0 . 7865 0 . 4005 
0 . 7874 0 . 9236 0 . 7865 -0 . 3855 
0 . 2128 0 . 2328 0 . 7865 -0 . 2984 
0 . 2445 0 . 3530 0 . 7865 -0 . 4395 +:-
0 . 2375 0 . 2568 0 . 7865 -0 . 2920 N 
0 . 7874 0 . 9234 1 . 0296 -0 . 1424 
0 . 2 128 0 . 2328 1 . 0296 -0 . 1964 
0 . 2445 0 . 3530 1 . 0296 -0 . 1964 
0 . 2375 0 . 2568 1 . 0296 -0 . 0489 
0 . 5 18 1  0 . 3572 1 . 0296 0 . 4429 
0 . 4292 0 . 2346 1 . 0296 0 . 3783 
0 . 5076 0 . 3604 0 . 9175 0 . 3 1 19 
0 . 4545 0 . 2605 0 . 9175 0 . 3469 
0 . 0985 0 . 1 105 0 . 9 175 -0. 1454 
0 . 2 127 0 . 2328 0 . 9175 -0 . 1674 
0 . 2445 0 . 3530 0 . 9 1 75 -0 . 3085 
0 . 2375 0 . 2568 0 . 9 1 75 -0 . 1610 
0 . 7874 0 . 9234 0 . 9 175 -0 . 2545 
0 . 0928 0 . 2329 2 . 5465 0 . 0574 
0 . 1033 0 . 2567 2 . 5465 0 . 0681 
0 . 1 066 0 . 3529 2 . 5465 -0 . 264 
0 . 4405 0 . 9421 2 . 5465 0 . 4104 
0 . 1808 0 . 3581 2 . 5465 0 . 8596 
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it can provide an  easily accessible starting point for  a preliminary 

analysis of  the relative e ffi ciencies ( Q )  of  each e quation ( pathway ) .  

3 . 7 . 2  Relative Efficiency of Pathways 

The relative e fficiency ( Q )  of each pathway is the Outputs ( Q )  

divided by the Inputs ( Q ) . I t  can also be calculated by using e quation 

3 .  1 . 

For a perfect l y  fitted model ,  all equations should have a 

re lative e fficiency ( Q )  equal to unity . Therefore , the model ( m 6 ) 

indicates that pathways ( 2 ,  4 ,  1 0 ,  1 1 ,  1 2 ,  1 3 , 1 4 ,  1 5 ,  1 6 ,  1 8 ,  22 , 2 3 , 

2 4 ,  25 , 2 6 , 29 ) are relatively inefficient ( Q ) , as they have 

efficiences ( Q )  less than 1 ( re fer to table 1 . 4 .  Whereas , the mode l  ( rn6 ) 

indicate s  that the pathways ( 1 ,  3 ,  5 ,  6 ,  7 ,  8 ,  9 ,  1 7 ,  1 9 ,  20 , 2 1 , 27 , 

28 , 3 0 , . 3 1 ) are relatively efficient ( Q ) , as they have efficiencies ( Q )  

greater than 1 .  

The model ( mG ) predicts that the pathways ( 6 ,  7 ,  8 ,  9 ,  1 8 ,  1 9 ,  20 , 

2 1 , 3 1 )  are inefficient ( Q )  compared with the pathways ( 1 1 , 1 2 , 1 3 ,  1 5 ,  

1 6 ,  1 7 ,  2 3 , 2 4 ,  2 5 ,  29 ) ,  because the former pathways convert primary 

fuels  to electricity which is subsequently used as a heat source . 

Whereas , the lat ter pathways d irectly use the primary fuels , which has 

been widely ci ted in the literature as  a thermodynamically more 

efficient use of fuel s  ( Peet et  al . ,  1 978 ) .  Similarly , the model  ( m6 
predicts that the pathways ( 1 0 ,  1 4 , 26 ) are comparatively inefficient 

because they use hydro-electricity as  a low grade heat source . Again 

it has been widely argued that it  is thermodynamically more e fficient 

or appropriate to use lower quality ( grade ) energy sources ( fuel s ) for 

the purposes of providing low quality ( grade ) heat ( Lovins , 1 97 7 ) ,  or 

alternatively use heat pump technology powered by e lectricity to 

provide low grade heat ( Odum and Odum , 1 979 ) .  

The model ( m6 ) also predicts that the Gas - >  Electricity - >  

Electrical Output pathway , in relative terms , is  slightly inefficient 

( Q ) . This is because gas has a s imilar enthalpic eonvers ion e fficiency 

for Gas to Consumer Electricity ( 30% ) , as Oil to Consumer Electricity 

( 32% ) ,  and Coal to Consumer Electricity ( 2 6 %) .  In  relative terms , 

this is  " inefficient" as  according to the e nergy quality coefficients 
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( IQ/IH ) predicted by the  mode l , thes e  differences should be greater . Put  

simply , gas has  more e fficient al ternative uses  than being the  main 

primary energy source for producing electrical output . A similar 

reason exists  why the pathway wood - >  space heating is  relatively 

inefficient ( Q ) . The wood ->  industrial heat , which i s  the only other 

pathway with wood in the model , is  more e fficient ( Q )  in relative 

terms than the wood ->  space heating pathway . 

3 . 8  Central Hypothesis : Relationship Between Quality of Inputs , 

Quality of  Outputs and Enthalpic Efficiency 

These plots ( Figs 3 . 2-3 . 7 ) demonstrate the relationship between 

three important variables , implicit  in the Central Hypothesis : 

( 1 )  Quality of  Inputs ( IQ/IH ) , on the Y axis . 

( 2 )  Enthalpic Efficiency ( OH/IH ) , on the X axis . 

( 3 )  Qual i ty of  Outputs ( OQ/OH ) , gradient . 

Firstly the plots demons trate that there is  a statis tical linear 

relationship between the quali�y of  inputs ( IQ/IH ) and the enthalpic 

efficiency ( OH/IH ) of the pathway . The higher the quality of inputs 

( IQ/IH ) , the higher the enthalpic effi ciency ( OH/IH ) of  the pathway . 

Statistically , this relationship holds true ( i . e .  is statis tically 

significant ) irrespective of the actual inputs and outputs of the 

pathway . 

Secondly ,  the plots demonstrate that in a statistical sense each 

output has a fixed ene rgy requirement ( in quality equivalent terms ) .  

If this relationship was perfect ,  all points would fall  on the plotted 

lines . Again , this relationship is  significant irrespective of the 

actual mix of inputs and the output . 

3 . 9  Discussion 

3 . 9 . 1 Adequateness of  the Models  and Modelling Procedure 

Generally , adequate models of  energy use in the N . Z . Economy 1 97 6  

were generated by the modelling procedure , the exception being where 

wood ( n s ) was used as the e quivalencing uni t . This was because there 

was the greatest error in the wood ( X s )  variabl e .  Fur thermore , the 
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models  made good technical and physical sense and the  deviations from 

the model could be explaine d . 

The modelling procedure was found to be flexible - that is i t  was 

found not to be critical what variable was used as  the equivalencing 

unit . The resul ts , in all cases were essentially the same - that is 

the highes t  quality energy source was always hydro-electricity followed 

by gas , oil , coal and finally wood . Similarly , the highes t  quality 

energy use was always found to be cooking , followed by high grade 

transport , water heating , space heating and finally industrial heat . 

One of the major limi tations of these models is that they use the 

actual energy e fficienc ies of p roees ses as they we re in 1 97 6 ,  and not the 

potential energy e f f i c i e n cie s that could be achieved using known 

technology . This l imitation is discussed in the next section . 

3 . 9 . 2  Energy Efficiency and Technological Development 

3 . 9 . 2 . 1  The Evidence 

The energy e fficiency of any process  increases wi th technological 

development , up until a thermodynamic limit  is  reached . The evidence  

for this trend i s  presented in Figs 3 . 8  - 3 . 9  and a schematic mode l  for 

this trend is proposed by Fig 3 . 1 0 .  

3 . 9 . 2 . 2  Interpretation 

A limitation and possible problem with data used in these models , 

is that they use the actual energy efficienc:ies of  the N . Z .  Economy 

1 97 6  - for a particular pathway , this e fficiency may only be a point 

( X )  on Fig 3 . 1 0 .  Whereas , the potential energy efficiency is at the 

assymptote ( Z ) , and what is possible in terms of current technology 

may be at a point ( Y ) .  The analyst has to choose , what  is the 

appropriate set of  e ne rgy e fficienc ies to use in the modelling proces s : 

( 1 )  energy e fficienc ]es reflecting actual  present use . 

( 2 )  energy e fficiencies possible under current technology . 

( 3 )  energy e fficienc ]es at the thermodynamic limi t .  

Essentially , this choice depends o n  the time horizon of  the analysis . 

For short te rm analys i s  ( approximately 0-5 year s ) ,  actual energy 
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efficiencies are probably appropriate and adequate . For medium term 

analys is ( approximately 5-20 years ) the second set of  energy 

effi ciencie s are more appropriate and for longe r term analysis ( >20  

years ) ,  the third s e t  of energy efficiencies are probably most 

appropriate . Since Energy Analysis is nearly always concerned wi t h  

longer term analys is , it i s  suggested that the second and third s e t  of  

energy e fficiencie s should most  frequently be used . 

3 . 9 . 3  Conclusion 

The models were generally found to be statistically adequate , and 

made good technical and physical sense . Furthermore , the modelling 

procedure was found to be flexible . That is , it was not found to be 

critical what variable was used as the equivalencing uni t .  However ,  it 

was recognised that a major limitation wi th this set of  models was that 

they us�d actual energy efficiencies of processes as they were in 1 9 7 6 .  

Therefore the qual ity coefficients generated b y  the models , assumed 

actual rather than potential energy efficienc ies . For longer term 

analysis it was cons idered more appropriate to use pathways that 

reflected longer run energy efficienc ie s .  
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4 AN APPLICATION TO AN ENERGY EFFICIENT ECONOMY . 

4 . 1 Introduction 

These sets of models were developed so that a set of longer-run 

energy quality coefficients could be dete rmined for energy source s  and 

uses . Generally , the mos t  energy efficient technology available was 

assumed , with some allowances made for operational ine fficiencies wh ich 

inevitably occur in any real situation . This presented some 

difficul ties in identifying the most energy efficient technology 

currently available . Furthermore , the mos t  energy efficient 

technologies could not always be implied in the indirect energy 

requirements , as the only data available was that of Carte r ,  Peet and 

Baines ( 1 9 82 ) Input-Output Analysis of the 1 9 7 1 -72 New Zealand Economy . 

4 . 2  Data Sources 

Data were obtained from a wi de range of literature sources detailed in 

App endix c .  As mentioned above , Carter , Peet and Baines ( 1 9 8 1) 

Input-Output Analysis of energy use in the 1 97 1 -72 New Zealand Economy 

was used to estimate most of the indirect energy requirements . 

4 . 3  Inputs and Outputs Considered 

The primary energy inputs considered in this example are : ( 1 )  

Hydro-e lectricity ( 2 )  Natural Gas ( 3 )  Oil ( 4 )  Coal ( 5 )  Wood ; and the 

e ffective energy outputs considered are : ( 1 )  Electrical Output ( 2 )  

High Grade Transport ( 3 )  Medium Grade Transport ( 4 )  Industrial Heat ( 5 )  

Water Heating ( 6 )  Space Heating ( 7 )  Cooking . These inputs and outputs 

are defined in section 3 . 2 , except medium grade transport . Medium 

grade transport refers to the use of energy by road vehicles which have 

a shorter range and less power output than those in the above category . 

In the New Zealand situation , this speci fically refers to the use of  

Compressed Natural G as  in gasoline designed motor vehicl e s . With the 

discovery of  the Maui natural gas field a small yet s igni ficant 

proportion of vehicles in New Zealand have been converted to operate on 

Compressed Natural Gas . There  are o bviously more actual and potential ' 

source s  and uses of ene rgy than these inputs and outputs . However , 
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these are considered to b e  the main classes and i f  necessary further 

inputs and outputs can be added ( refer to the methodology sec tion ) .  

4 . 4  Pathways Considered 

Theoretically , by linking each primary energy input ( 5 )  to each 

effective energy output ( 7 ) , by one pathway each , 3 5  ( 5  x 7 )  pathways 

can be considered . By considering all these pathways this sho uld 

facilitate the solving of  the regression e quations , by increasing the 

variability in the data set . 

For some of these links ( 3 5 )  there were seve ral possible pathways 

that could be considered . For example ,  high grade transport could be 

derived from coal in the following ways ( to name j ust a few) : 

( a )  Coal - >  Me thanol - >  

( b )  Coal ------------ - >  Methanol 

Gasoline 

( c )  Coal --------------> Crude Oil -----> Gasoline , Diese l 

In a si tuation like this , the criterion used to narrow the alternatives 

to one option was the most energy efficient ( in enthalpy terms ) pathway 

possible in terms of current technology . Therefore , in the above 

example option ( b )  was chosen . 

Some primary energy inputs can be converted more efficiently ( in 

enthalpy terms ) to high grade transport energy rather than medium grade 

transport energy . For example ,  crude oil can more e fficiently be 

converted to gasoline and diesel ( high grade transport energy ) rathe r 

than compres sed methane ( medium grade transport ) .  In a s ituation like 

this , the medium grade options we re eliminated from consideration , 

because even in enthalpy terms they represented an inefficient use of  

the energy resourc e . 

Therefore , by applying these selec tion criteria  a list o f  33 

energy supply use pathways were considered for analysis : 

( 1 )  Coal - >  Electricity Generation - >  Transmis s ion - >  Electrical 

Output 

( 2 )  Oil - >  Electricity Generation - >  Transmis s ion  - >  Electri cal Output 
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( 3 )  Gas - >  Electricity Generation - >  Transmission - >  Electrical Output 

( 4 ) Wood - >  Electricity Generation - >  Transmission -> Electrical Output 

( 5 ) Hydro-electricity - >  Electricity Generation - >  Transmission - >  

Electrical Output 

( 6 ) Coal - >  Methanol - >  High Grade Transport 

( 7 )  Oil ->  Gasoline , Diesel -> High Grade Transpor t  

( 8 )  Gas ->  Methanol - >  High Grade Transport 

( 9 )  Wood -> Methanol -> High Grade Transport 

( 1 0 )  Hydro-electricity - >  Hydrogen - >  

( 1 1  ) Gas - >  Compressed Natural Gas -> 

( 1 2 )  Wood - >  Methane - >  Med ium Grade 

( 1 3 )  Coal - >  Methane -> Medium Grade 

( 1 4 )  Coal - >  Industrial Heat 

( 1 5 )  Oil - >  Industrial Heat 

( 1 6 )  Gas -> Industrial Heat  

( 1 7 )  Wood - >  Indus trial Heat 

( 1 8 )  Hydro-electricity ->  Electricity 

Industrial Heat 

( 1 9 )  Coal -> Water Heating 

( 20 )  Oil - >  Water Heating 

( 2 1 ) Gas -> Wate r  Heating 

( 22 )  Wood - >  Water Heating 

High Grade Trans port 

Medium Grade Transport 

Transport 

Transport 

Generation -> Transmission - >  

( 2 3 )  Hydro-electricity - >  Electricity Generation - >  Transmission - >  

Water Hea ting 

( 24 )  Coal -> Space Heating 

( 25 )  Oil - >  Space Heating 

( 2 6 )  Gas -> Space Heating 

( 27 )  Wood - >  Space Heating 

( 28 )  Hydro-electricity - >  Electricity Generation - >  Transmission - >  

Space Heating 

( 29 )  Coal -> Cooking 

( 30 )  Oil -> Cooking 

( 3 1 ) Gas - >  Cooking 

( 32 )  Wood -> Cooking 

( 3 3 )  Hydro-electricity -> Electricity Generation -> Transmis sion - >  

Cooking 

The technologies used in these pathways and tne assumed operational 
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efficiencies o f  supply , distribution and end-use stages are detailed by 

table 4 . 1 .  

The model constructed in this example only had one e ffective 

output per pathway , although having seve ral primary energy inputs per 

pathway . A more complex mode l  could have several outputs per pathway , 

as well as several energy inputs per pathway . For example ,  each 

pathway could be considered to have one main energy output and various 

waste heat outputs . In this way , coefficients for different grades of 

waste heat , tha t could be converted to effective outputs by the use of 

the appropriate technology , could be estimated by using this technique . 

Also , in situations where there is a parti tioning problem , several 

outputs could be considered for one pathway . However , it could be more 

difficult to obtain solutions to the regression when mul tiple outputs 

are considered . Generally , this wi ll mean there wi ll be less 

variability in the data set , and therefore more pathways will need to 

be considered to obtain signi ficant resul ts .  Also , it is expected that 

in some ins tances by considering mul tiple outputs this could lead to 

the problem of correlation between variables . 

4 . 5  Data Set and Regression Equations 

The G . E . R . of each of  the above pathways was calculated , using 

data obtained from various literature sources ( refer to Appendix C ) .  

The data were expre ssed in terms of  one unit of  output ( 6H )  per 

e quation and the equations were summarised in matrix format ( refer to 

table 4 . 2 ) , for computer analysis . 

The data we re then analysed by using the "Minitab" statistical 

programme package on Mas sey University ' s  Prime 750 computer . The same 

set of commands as used in the previous e xample were used C refer to 

section 3 . 5  for detail s ) .  

4 . 6  Statis ti cal Analysi s  of  Solutions to  the  Regression Equations 

A series of models was generated , by in turn using each variable , 

as the equivalencing unit - that i s :  
'· 



54  

TABLE 4,1 An Energy Effic ient Hew Zealand Economy Ass """d Techno logies and Operational Effi c lencles 

Effici- Effici-
Pathway Supply Technology ency• Oistribution Technology ency• End-Use Technology 

Effi c i ­
ency1 (t)  

C o a l  - Electrical Output 

Z Oi l .. E l ectric.\1  Output 

3 Gas • E l ec t nca l '1utput 

..1 WOod .. Electrical Output 

5 Hydro ... E l ec trical Output 

6 Coal .. High Grade Trans . 

7 O i l  • High Grade Trans . 

8 Gas • High Grade Tr,lnS . 

9 Wood • Hi 9h Grade fr�ns. 

1 0  Hydro • High Grade Trans . 

1 1 .  Gas • Low Gr.1de Trans. 
1 2 .  Wood - Low Grade Trans. 

1 3 .  Coa l .. Low Grade frans . 
1 4 .  Coal ... Indus trial Heat 
1 5 .  Oil • l ndus trh l Heat 

t6. Gas • Industrial Heat 
17. Wood • Industrial Heat 

18. Hydro • Industrial Heat 

19. Coal • Water Heating 

20. O i l  • Water Heating 

21 . Gas • Water Heating 
22 .  Wood + Water Heating 

23.  Hydro • Water Heating 

24. Coal • Space Heating 

25.  Oil • Space Heating 

26. Gas • Space Heating 
27. Wood • Space Heating 

28. Hydro • Space Heating 

29. Coal � Cooking 
30. Oil • Cooking 

3 1 . Gas • Cook i ng 
32. Wood • Cooki ng 

3 3 .  Hydro • Cooking 

ltltes : 

Conventional P�er Station 

Conventional P�er Sta t i on 

Conven t i ana 1 P01<1er Station 

Power Station f i red by Wood 

Conventional hydro�e l ectrici ty 
generation { Dam ; Water 
Turb ine) 
Gas i f  i eat i on. ea ta lyti c 
Conversion to Methanol 
O i l  Refi nery 

Catalytic convers ion to 
methanol 
Gasi fic<ltion. Catalytic 
conver"> ion to Methanol 
Conventional hydro-electric i ty 
genera ti09 (Dam, Water Tur­
b i ne ) ,  Current E l ectr i c i ty 
Trans. System. E l ectrolytic 
Equi�=JT�ent 
Current Gas Supply Technol ogy 
Gasi ficatlon 

(�) 
26 

32 

30 

1 2  

4 7  

9Z 

59 

43 

72 

43 

Gasi fication 47 
Current Coal M i n i ng Technoloqy 
O i l  Refinery 90 

Current Gas Supply Technol ogy 
Current s i l vicul tural technol ­
ogy and .,.nagement 

b 
b 

(l)  
Current Transm i s s ion System 

Curr-ent Transmi ss ion System 90 

Current Transmi ss ion System 10 

Current Transm i s s i on System 90 

Current Transm i s s i on System 90 

Current D i s tribution System 100 
for 1 iquid fuels 
Current Distribution Syste<ft 100 
for 1 i quid fuels 
Current Dis tribution System 100 
for l iquid fue1 
Current Dis tribution Syste<ft 100 
for l iquid fuels 
Included I n  the Supply Column 

Pipel ine 90 
Pipel ine 90 

Pipe l ine 
Current Ofstribution System 
Current D i s tribution System 
for l i quid fuels 
Pipe l i ne 
Current Distribution Syst.,. 

90 
1 00 
100 

90 
100 

Conventional Hydro-generation 
(Dam, Water Turb i ne )  

b Current TransMi ss ion System 90 

Current Coal M i n i ng Technoloqy 

O i l  Refi nery 

Current Gas Supply T�hnology 
Current s i l vlcul tural technol ­
ogy and management 

Conventional Hydro- 9eneration 
(Dam, Water Tu:-b i ne )  
Current Coal M i n i ng Technology 

90 

b 

O i l  Refinery 90 

Current Gas Supt>ly Technol ogy 
Current s i l vi cul tural technology 
and management 
Conventional Hydrogenarat ion 
(Dam, Water Turb Ine) 
Current Coal Min·ing Technology b 
O i l  Refinery 90 
Current Gas Suppby Technol ogy 
Current s i l v i cul tural technology 
and management 
Conventional Hydt·o-ele'ctri c i ty 
Genera tion (Dam, Water Turbine) 

Current Distribution Syst ... 

Current Distribution System 
for 1 iquid fuels 
Pipel ine 
Current O i s  tribution System 

Curn!nt Transmission Systt!m 

Current Distribution System 

Current Oistribution System 
for 1 iquid fue l s  
Pipel ine 
Current D i stribution System 

Current Transmiss Ion System 

Current Distribution System 
Current Distribution System 
for l i quid fuels 

100 
100 

90 
100 

90 

100 
100 
9 0  

100 
go 

100 
100 

Pipel ine 90 
Conventional Distribution Sys- 100 
tem 
Current Transmission System 90 

Current etectrfcal and 
e l ec t ro n i c  technol O<JY 
Current e l ectrical  and 
e 1 ec tron i c techno 1 oqy 
Current e l ectrical and 
el ectroni c  technol ogy 
Current e l ectrical and 
e l ectronic technol ogy 
Current e l ectrical and 
electronic technology 

Internal Cootustion Engi ne 

I n ternal CCI'Itlustion Engine 

Internal Corrbustion Engine 

Internal C01rbustion Engine 

Internal Coot>ustion Engine 
w i th Storage Battery 

Internal Corrbu s t 1 on Enq i neo 
I nternal Cont>ust1on Engine 

30 

25 

30 

30 

37 

27 
27 

Internal Combus tion Engine 27 
I ndus t r i a l  Boi J ers and Furnaces 70 
Industrial Boi l ers and Furnaces 75 

lndtJstrial  Boi l ers and Furnaces 75 
Industri a l  Boi lers and Furnaces 33 

Heat Puoops ( 301) , res istance 160 
heaters (701) ' 
Encl osed Bumer, Water Hea t i ng 50 
Cyl i nder 
Enclosed Burner, Water Heating 65 
Cyli nder 
Gas Water Heating Cylinder 65 
Enclosed Burner, Water Heating 33 
Cyl inder 

Heat Pumps 

Enclosed Burner 

Enclosed Burner 

Enclosed Burner 
Enclosed Burner 

Heat P""PS 

200 

49 

57 

64 
35 

250 

Conventional Coal F i red Range 20 
Convent! anal Oi l F i red Range 20 

Conventional Gas Fired Range 30 
Conventional Wood F i red Range 1 3  
Conventional E l ectric Range 44 

a .  Entha l p i c  ( "H )  Efficiency of di rect energy fl ows, Entha l p i c  (hH)  efficiencies are a l s o  impl i ed in indi rect energy f l ows .  
b. E i ther input o r  output i s  outs i de s tudy boundary. Therefore, n o  enthal pic ( A H )  effici ency c a n  be calculated. 
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TABLE 4. 2 Data Set : Gross Energy Requi rements of Energy Supply-Use Pathways i n  an Energy Effi ci ent New Zea l and Economy 

I 
I 

Primary Energy I np uts (MJ )a 

Pathway x l X:t x 3  x 4  !Hydro Gas O i l  Coal 

l Coa l � E l ec trical  Output 0 . 03 0 . 0 1  0 . 1 0  4 . 56 

2 Oi l � El ectri cal Ouput 0 . 04 0 . 03 3 . 83 0 . 3 1  

3 G a s  + E l ectrical Output 0 . 04 3 . 84 0 . 1 7  0 . 04 

4 Wood + E l ectri cal Output 0 . 03 0 . 01 0 . 52 0 . 02 

5 Hydro + El ectrical Output i 1 . 1 4 0 . 01 0 . 08 0 . 04 

6 Coal + Hi g h  Grade Transport , 1 .86 0 . 1 3  1 . 05 8 . 00 

7 O i l + H i gh Grade Transport 

8 Gas � Hi gh Grade Transport 

9 Wood � H i g h  Grade Transport 

1 0  Hydro + Hi gh Grade Transport 

1 1  Gas + Med .  Grade Transport 
. 1 2  Wood + Med .  Grade Trpns port 

1 3  Coal � Med . Grade Transport 

1 4  Coal + I ndustr i a l  Heat 

1 5  Oi l � I ndustr i a l  Heat 
l h  f!:.�� c:- ..... T nrll l c:+""; ::�o l  l.-lo�+ 

28 Hydro � Space Heat1 ng 

29 Coal + Cooki ng 

30 Oi l + Cook i ng 

3 1  Gas � Cooki ng 

32 Wood + Cook i ng 

0 . 36 0 . 1 7  5 . 64 0 . 60 

0 . 36 6 . 09 0 . 89 0 . 20 

1 . 99 0 . 1 3  1 . 30 0 . 59 

.3 . 98 0 . 1 4  0 . 93 0 . 2 1  

0 . 1 5  4 . 5i 0 . 84 0 . 33 

1 . 06 0 . 25 1 . 35 0 . 4 2  

0 . 93 0 . 23 1 . 03 9 . 42 

0 . 04 0 . 01 0 . 07 1 .  51 

0 . 02 0 . 02 1 . 50 0 . 1 3  
() ()':! 1 r:.7 () ()!; () 11 ?  

. 0 . 46 0 . 01 0 . 05 0 . 0  
I 

0 . 1 4  0 . 04 0 . 25 5 . 28 

0 . 07 0 . 0 7  5 . 62 0 . 48 

0 . 1 0  5 . 1 6  0 . 07 0 . 20 

0 . 08 

Xs  
Wood 

0 . 00 

0 . 00 

0 . 00 
9 . 39 

0 . 00 

0 . 00 

0 . 00 

0 . 00 
7 . 75 

0 . 00 

O . GO 
9 . 40 

0 . 00 

0 . 00 

0 . 00 
" "" 

0 . 00 

0 . 00 

0 . 00 

7 . 69 
l. 33 Hydro + Cook i ng 

0 . 08 0 . 08 0 . 46 

2 . 09 0 . 04 0 . 1 1  0 . 03 0 . 00 

Notes : a .  expressed i n  entha 1 py ( llH )  terms; 1 kWhr = 3 . 6  MJ 
&... _...,. _. ... 1 .:  ... ...,..-l ,. ,.. +- J... ... + ,.. 1 1  n�-l'ft l" f. .; ur.. n . .  +n . .  f.L" n.n .. -::. 1 I J n .; + u  

Effective Energ� Outputs (MJ )a , b  

V I  
El ectr i ca l  

Output 

- 1  
1 

1 

l 

l 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 
" 

0 

0 

0 

0 

0 

0 

Yz 
High  Grade 
Trans port 

0 

0 

0 

0 

0 

1 

1 

1 

l 

1 

0 

0 

0 

0 

0 
" 

0 

0 

0 

0 

0 

0 

y 3  
Med i ll11 

Transport 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

l 

1 
1 
0 

0 
" 

0 

0 

0 

0 

0 

0 

y4 
I ndustri al 

Heat 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 
1 

0 

0 

0 

0 

0 

0 

Ys 
Water 

Heati ng 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 

0 

0 

0 
() 

0 

0 

0 

0 

0 

0 

y6  
Space 

Heati ng 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 
() 

l 

0 

0 

0 

0 

0 

y7  
Cook i ng 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
() 

0 

1 

lJI 
lJI 
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n 1= 1 ,  hydro-electric equivalents  

n 2 = 1 ,  natural gas  equivalents 

n 3= 1 ,  oil equivalents 

n 4 =  1 ,  coal equivalents 

n s= 1 ,  wood equivalents 

m 1= 1 ,  electrical output equivalents 

m 2= 1 ,  high grade transport equivalents 

m 3= 1 ,  medium grade transport equivalents 

m4 = 1 ,  industrial heat equivalents 

ms =  1 ,  water heating equivalents 

mG = 1 ,  space heating equivalents 

m1 = 1 ,  cooking equivalents 

A detailed statistical analysis of each of these models  was unde rtaken . 

These models  were also weighted according to the es timated 

relative demands on each output class ( based on 1 97 6  demands , derived 

from the New Zealand Yearbook 1 9 77 ; and the flow diagram in the 

Ministry of Energy ' s ,  1 97 7  Goals  and Guidelines ) .  That is , each 

pathway was mul tiplied by a factor , which indicated the demand for the 

output of that pathway . By undertaking such we ightings , the effe c t  ( if 

any ) of relative demands could be tested . For the weighted data , a 

similar series of  models  were generated , by in turn using each variable 

as the equivalencing uni t .  
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4 . 6 . 1 De tailed Results ( fo r  Unwe ighted Models ) 

The following s e t s  o f  s tatis t ical result s  were ob tained f o r  each 
one o f  the above mentioned models . 

!!.1 = 1  ( Hldro-el ectr i c egu i va l ents� 

Estima te of S tandard + Ra t i o  Level o f  
Coeffi c i ent Dev i a t i o n  S i gn i f i cance ( 2 p )  

( d f  = 2 2 )  
n2 ( na tu ra 1 gas ) 0 . 43 0 . 06 6 . 99 <0 . 00 1  
n3 ( o i  1 )  0 . 40 0 . 06 6 . 27 �0 . 00 1  
n4 ( coal ) 0 . 2 1  0 . 04 4 . 73 <0 . 00 1  
ns (woo d )  0 . 1 5 0 . 03 4 . 46 <0 . 00 1  
ml ( e l ec tr i c a l  outp u t )  1 . 46 0 . 25 5 . 82 < 0 . 00 1  
m2 ( h igh grade transport)  3 . 7 1  0 . 33 1 1 . 26 <0 . 00 1  
m3 (med i um grade 3 . 06 0 . 42 7 . 3 1  <0 . 00 1  

transpo r t )  
m4 ( i ndustri a l  hea t )  0 . 59 0 . 20 3 . D 1  <0 . 0 1  >0 .001 
ms (water heating ) 0 . 66 0 . 20 3 . 30 <0 . 0 1  ·0 . 00 1  
m6 ( space hea t i n g )  0 . 66 0 . 20 3 . 30 < 0 . 0 1  '0 . 00 1  
m7 ( cook ing )  1 .  9 7  0 . 2 7  7 . 2 1  < 0 . 00 1  

F Ra t i o = 14 . 93* ( d f , v 1 = l l , v2 = 2 2 ) , s i gn i fi cant at p=0 . 00 1  l evel . 

� = 1  ( Natura l 9as egu i va l e n ts ) 

Estima te o f  Standard r Ra t i o  Level o f  
Coeffi c i en t  Dev i a ti on S i gn i fi cance ( 2 p )  

( df= 2 2 )  

n1 ( hydroe l ectr i c ty )  1 . 60 0 . 23 6 . 99 < 0 . 00 1  
n3 \ O l l I 0 . 80 0 . 12 6 . 82 <0 .001  
n4 (wood )  0 . 46 0 . 0 7  6 . 46 <0 . 001 
n5 ( coa 1 )  0 . 33 0 . 05 6 . 04 <0 .00 1 
m1 ( e l ectr i ca l  outp u t )  3 . 02 0 . 42 7 . 13 <0 . 00 1  
m2 ( h i gh grade tra nsport) 7 . 04 0 . 69 10 . 1 9  <0 . 001 
m3 (med i um grade 6 . 29 0 . 6 5  9 . 6 3  < 0 . 00 1  

transport ) 
m4 ( i ndustri al  heat )  1 . 02 0 . 37 3 . 26 <0 . 0 1  >0 . 001 
m5 (water hea t i n g )  1 . 35 0 . 37 3 . 6 3  <0 . 0 1  >0 .001  
m6 ( space heat i n g )  1 .  3 6  0 . 37 3 . 68 < 0 . 00 1  
m7 ( cook i ng )  3 . 98 0 . 46 8 . 64 < 0 . 00 1  

F Rat i o = 1 3 . 43 ( d f ,  v= l l ,  v2= 22 ) , s i gn i fi cant a t  p=O . OO l  1 eve 1 .  

n3= 1  ( O i l  egu i va l ents� 

Estimate o f  Standard t Ra ti o Level o f  
Coeffi c i en t  Dev i a t i on S i gn i fi cance ( 2 p )  

( df=22 ) 

n 1 ( hydro�l ectri ctty )  1 . 59 0 . 2 5  6 . 27 0 . 00 1  
n2 ( na tural gas ) 0 .85 0 . 12 6 . 82 0 . 001 
n4 ( coal 0 . 44 0 . 08 5 . 25 0 . 001 
n ( wood ) 0 . 3 1  0 . 06 4 . 92 0 . 001 
m� ( e l ectri cal  outp u t )  3 . 04 0 . 46 6 . 55 0 . 001 
m2 ( h i gh grade tran s port) 7 . 16 0 . 76 9 . 36 0 . 001 
m3 (me d i um grade 6 . 1 3  0 . 82 7 . 47 0 . 00 1  

transport) 
0 . 0 1  0 . 001 m4 ( i ndustri a l  h e a t )  1 . 2 1  0 . 3 9  3 . 13 

m5 (water heat i n g )  1 . 35 0 . 39 3 . 48 0 .0 1  0 . 001 
m6 ( space heati ng ) 1 . 38 0 . 39 3 . 55 0 . 0 1  0 . 00 1  
m7 ( cook i n g )  4 . 03 0 . 5 1  7 . 92 0 .001 

F Rat i o  = 10 . 75 ( d f ,  v 1= 1 1 , v2= 22 ) , s i gn i fi cant a t  p=O . OOl l evel 



�= 1  ( Coa l Egu i val ents ) 

n 1 n2 n3 ns m1 mz 
m3 

m4 m5 
m6 m7 

E s t i ma te of 
Coeffi c i ents 

( hydroe l ectri c i ty )  2 . 39 
( n a tural gas )  1 . 4 1  
( o i l )  1 .  26 
( wood ) 0 . 56 
( e l ectrical  output )  4 . 94 
( h i gh grade transport ) 1 1 . 22 
(med ium grade 10 . 57 

transport)  
( i ndus tri al hea t )  1 .  94 
(wa ter  heat i n g }  2 . 19 
( space heat ing }  2 . 22 
( coo k i ng }  6 . 42 

F Rat i o = 8 . 00 (df ,  v r= l l , v2=22 ) , 

�:1 (Wood eguiva l ents)  

n l  nz n3 n4 m1 rnz 
m3 
m4 m5 m6 m? 

Es timate of 
Coeffic ients  

( hydroel ectri c i ty }  3 . 1 6 
( na tura l gas ) 1 . 88 
( o i l )  1 . 67 
( coa l ) 1 . 04 
(e l ectri cal outpu t )  6 . 76 
( h i gh grade transport ) 14 . 73 
( med ium g rade 1 3 . 87 

transport ) 
( i ndus tri a l  h ea t )  2 . 63 
(water hea t i n g )  2 . 93 
( s pace heat i n g )  2 . 96 
( cook i n g )  8 . 57 

F Rat i o  = 6 . 08 (df,  v1= 1 1 ,  v2=22 ) ,  
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Standard t Rat i o  Level o f  
Dev i a t i on S i g n i fi cance ( 2p )  

( df=22 )  
0 . 50 4 . 73 <o . 001 
0 . 22 6 . 46 <0 , 00 1  
0 . 24 5 . 25  <0 . 00 1  
0 . 10 5 . 57 <0 . 00 1  
0 . 84 5 . 90 <0 . 001 
1 . 6 1  6 . 98 <0 . 00 1  
1 . 30 8 . 13 <0 . 001  

0 . 66 2 . 9 1  < 0 . 0 1  >0 . 00 1  
0 . 67 3 . 26 < 0 . 0 1  >0 . 001  
0 . 67  3 . 30 <0 .0 1  >0 .001 
0 . 98 6 . 53 <0 .001  

s i gni f i cant  a t  p=0 . 00 1  l evel . 

Standard t Rat i o  Level o f  
Dev i a ti o n  S i g n i fi cance ( Z p )  

( df=2 2 )  

0 . 7 1  4 . 46 . 0 . 001 
0 . 3 1 6 . 04 < 0 , 00 1  
0 . 34 4 . 92 <0 . 00 1  
0 . 19 5 . 57 <0 . 00 1  
1 . 14 5 . 93 <0 . 0 0 1  
2 . 36 6 . 23 <0 . 00 1  
1 . 97  7 . 06 <0 . 00 1  

0 . 9 1  2 . 89 <0 . 0 1  >0 . 00 1  
0 . 92 3 . 17 <0 . 0 1  >0 . 001  
0 . 93 3 . 19 <0 . 0 1  >0 . 00 1  
1 . 40 6 . 13 <0 . 00 1  

s i gn i f i cant a t  p=0 . 00 1  l evel . 

�1= 1  ( E l ectri cal outeut egu i va l en t s )  

n 1 ( hydroe l ectri c ty }  
n 2 ( na tural gas )  
n3 ( oi l )  
n4 ( coal ) 

E st ima te o f  
Coeffi cients  

0 . 41 
0 . 23 
0 . 22 
0 . 12 
0 . 09 n5 (wood ) 

m2 ( h i g h  grade transport ) 
m3 ( medium grade 

1 . 82 
1 . 62 

transport ) 
m4 ( i ndustri a l  heat)  0 . 31 
m5 (wa te r  heat i ng )  0 . 35 
m6 ( s pace heat i n g )  0 . 35 
m ( cook i n g )  1 . 03 
F Rat i o = 7 . 30 (df, vt= 1 1 ,  v2=22 ) , 

Standa rd t Rat i o  Level o f  
Devi at ion  S i g n i f i cance ( 2 p )  

( df=22 ) 

0 . 07 5 .82 <0 . 001  
0 .03 7 . 13 <0 .001  
0 . 03 6 . 55 < 0 . 00 1  
0 . 02 5 . 90 < 0 . 00 1  
0 . 02 5 . 93 <0 . 00 1  
0 . 24 7 . 6 1 <0 . 00 1  
0 . 22 7 . 24 <0 . 0 0 1  

0 . 10 2 .96 <0 . 0 1  >0 . 001  
0 . 1 1 3 . 27 <0 . 0 1  >0 . 00 1  
0 . 1 1  3 . 31 <0 . 0 1  >0 . 00 1  
0 . 15 6 . 74 <0 . 00 1  

s i gn i fi ca n t  a t  p = 0 . 00 1  l evel . 
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�= 1  ( High grade transport equ i va l ents)  

n 1 ( hydroel ectri cty )  
n2 ( na tu ra l  gas ) 
n3 ( o i  1 )  
n4 ( coal ) 
n5 (wood ) 
m 1 ( e l ectri cal  output ) 
m3 (med i um grade 

transport) 
m4 ( i ndustr i a l  hea t )  
m5 (water heati n g )  
m6 ( s pace hea t i n g )  
m7 ( cook ing )  

Est imate o f  
Coeffi c i ents 

0 . 23 
0 . 1 2 
0 . 1 1 
0 . 06 
0 . 04 
0 . 40 
0 . 83 

0 . 16 
0 . 19 
0 . 18 
0 . 53  

Standard 
Devi at ion  

0 .02  
0 . 0 1  
0 . 01 
0 . 01 
0 . 01 
0 . 05 
0 . 08 

0 . 05 
0 .05  
0 . 05  
0 . 05  

t Rat i o  

1 1 . 26 
10 . 19 
9 . 36 
6 . 98 
6 . 23  
7 . 6 1  

10 . 50 

3 . 37 
3 . 75 
3 . 78  
9 . 7 2  

level of  
S i g n i f i cance ( 2p )  

( d f=22 ) 

<0 . 001  
<0 . 001  
<0 . 00 1  
<0 . 00 1  
<0 . 001  
<0 . 001 
<0 . 001  

<0 . 0 1  >0 . 001  
<0 . 0 1  >0 . 001  
< 0 . 0 1  >0 . 001  

<0 . 001  

F Ra t i o = 40 . 60 ( d f ,  v 1= 1 1 ,  v2=22 ) , s i gn i fi cant  a t  p=0 . 00 1  l eve l . 

�3= 1  ( Med i um grade transport equi val ents ) 

E s timate of  Standard 
Coeffi ci ents Dev i a ti o n  

n 1 ( hydroe l ectri c i ty )  
n2 ( natura l  gas ) 
n3 ( o i  1 )  
n4 ( coa 1 )  
n5 ( wood ) 
m1 ( el ectri cal  output )  
m2 (medi um grade 

transport ) 
m4 ( i ndustria l  heat ) 
m5 (wa ter hea t i n g )  
m6 ( space hea t i n g )  
m7 ( cooki n g )  

0 . 23 
0 . 13  
0 . 12 
0 . 07 
0 . 05  
0 . 43 
1 . 0 1  

0 . 1 7  
0 . 19 
0 . 20 
0 . 57 

�= 1  ( I ndustri a l  heat equ i va l en t s )  

0 . 03 
0 . 0 1  
0 . 02 
0 . 0 1  
0 . 0 1  
0 . 06 
0 . 10 

0 . 05 
0 . 05 
0 . 05 
0 . 07  

t Rat i o  

7 . 3 1  
9 . 63 
7 .47  
8 . 13 
7 . 06 
7 . 24 

10 . 50 

3 . 26 
3 . 63  
3 . 6 7  
8 . 62 

level of  
S i g n i f i cance ( 2p )  

( df=2 2 )  

<0 . 00 1  
<0 . 001  
<0 . 001 
<0 . 001  
<0 . 001  
<0 . 00 1  
<0 . 00 1  

<0 . 0 1  >0 . 001  
<0 . 0 1  >0 . 00 1  
<0 . 0 1  >0 . 00 1  

<0 . 00 1  

Est ima te of  Standard t Rati o level of 
Coeffi c i en t s  Dev i a t i on S i gn i fi cance ( 2 p )  

n 1 ( hydroel ectr icty )  0 . 49 
n2 ( na tural gas ) 0 . 27 
n3 ( o i l )  0 . 26 
n4 ( coa l ) 0 . 14 
n5 ( wood ) 0 . 10 
m1 ( e l ectrical  outpu t )  0 . 92 
mz ( h i gh g rade transport)  2 . 1 5 
m3 (medium grade 1 . 90 

transport)  
m5 ( wa ter heat i n g )  
m6 ( space heat ing )  
m7 ( cooki ng )  

0 . 4 1  
0 . 4 1  
1 . 2 1  

0 . 16 
0 . 08 
0 . 08 
0 . 05 
0 . 04 
0 . 3 1  
0 . 64 
0 . 58 

0 . 2 1 
0 . 2 1  
0 . 38 

3 . 0 1  
3 . 26 
3 . 13 
2 . 9 1  
2 . 89 
2 . 96 
3 . 37 
3 . 26 

1 . 98 
2 . 00 
3 . 17 

( df=22 ) 
0 . 0 1  0 . 00 1  
0 . 0 1  0 . 001 
0 . 0 1  0 . 001  
0 . 0 1  0 . 00 1  
0 . 0 1  0 . 00 1  
0 . 0 1  0 . 00 1  
0 . 01 0 . 001  
0 . 0 1  0 . 001  

0 . 10 0 . 05 
0 . 10 0 . 05 
0 . 0 1  0 . 00 1  

F Rat i o = 1 . 14 ( d f ,  v1= 1 1 , v2=22 ) ,  n o t  s i gn i fi cant  a t  p=0 . 10 l evel . 



m = 1  -5 (Water heati ng equ i va l en t s )  

n 1 ( hydroel ectri cty )  
nz ( natu ra l  gas )  
n3 ( o i l )  
n4 ( coal ) 
n5 ( wood ) 

E s t ima te of  
Coeffi c i en t  

0 . 50 
0 . 28 
0 . 26 
0 . 1 5 
0 . 1 1 
0 . 94 m1 (e l ectri cal output )  

mz ( hi gh g rade transport ) 2 . 20 
m3 ( med ium grade 1 .  95 

transport ) 
m4 ( i ndus tri a l  heat )  0 . 37 
m6 ( s pace hea t i n g )  0 . 42 
rn7 ( cook i n g )  1 . 23 

6 0  

S tandard t Rat i o  Level of  
Devi at ion  S i gn i fi cance ( 2 p )  

( d f=22 ) 
0 . 15 3 . 30 < 0 . 0 1  >0 . 001  
0 . 08 3 . 6 3  < 0 . 0 1  >0 . 001  
0 . 08 3 . 48 <0 . 0 1  >0 . 001 
0 . 05  3 . 26 < 0 . 0 1  >0 . 001  
0 . 03 3 . 1 7 < 0 . 0 1  >0 .001 
0 . 29 3 . 27  < 0 . 0 1  >0 . 001  
0 . 59 3 . 75 < 0 . 0 1  >0 . 001  
0 . 54 3 . 6 3  < 0 . 0 1  >0 . 001  

0 . 19 1 . 98 <0 . 10 >0 . 05 
0 . 19 2 . 18 .--o . 1o >O .05  
0 . 35 3 . 52 < 0 . 0 1  >0 . 001  

F Ra tio  = 1 . 43 ( d f ,  v1 = 1 1 '  v2=22 ) ' not s i g n i fi cant  a t  p=0 . 10 l evel . 

m = 1  ·� ( Space Heating  Equ i va l e nt s )  

E st imate o f  Standa rd t Rat i o  Level of  
Coeffi c i ent Dev i a t i on S i gn i fi cance ( Zp )  

( df=22 ) 

n 1 ( hydro el ectri c i ty )  0 . 50 0 . 1 5 3 . 30 0 . 0 1  0 . 001  
nz ( natura 1 gas )  0 . 28 0 . 08 3 . 68 0 . 0 1  0 . 001  
n3 (o i  1 )  0 . 26 0 . 07 3 . 55 0 . 01 0 . 001  
n4 ( eo a 1 )  0 . 15 0 .0 5  3 . 30 0 .0 1  0 . 001 
ns (wood )  0 . 1 1 0 .03  3 . 19 0 .0 1  0 . 001  
m1 ( e l ec tri cal output ) 0 . 94 0 . 29 3 . 3 1  0 . 0 1  0 . 001  
mz ( h i gh grade transport)  2 . 20 0 . 58 3 . 78 0 . 01 0 .001 
m3 ( med i um grade 1 . 95 0 . 53 3 . 6 7  0 . 0 1  0 . 001  

transport ) 
m4 ( i ndustri a l  heat )  0 . 37 0 . 19 2 . 00 0 . 10 0 . 05 
ms (water heati ng)  0 . 42 0 . 19 2 . 18 0 . 10 0 . 05 
m7 ( cook i ng )  1 . 24 0 . 35  3 . 56 0 . 0 1  0 . 001  

F Rat i o = 1 . 47 ( df , v 1= 1 1 , v2=22 ) , not s i gn i fi cant a t  p=0 . 1 0  l evel . 

m = 1  -7 (Cook i ng equi va l ents ) 

E s t i ma te of  S tandard Rat i o Level o f  
Coeffi c i ents Dev i a ti on t S i gn i fi cance ( 2 p )  

( df=22 ) 
n 1 ( hydro e l ectri c i ty )  0 . 36 0 . 05 7 . 2 1 < 0 . 001  
n2 ( natu ra l  gas )  0 . 19 0 . 02 8 . 64 <0 . 001  
n3 ( oi l )  0 . 18 0 . 02 7 . 92 <0 . 00 1  
n4 ( coa l ) 0 . 10 0 . 02 6 . 53 < 0 . 001  
n5 (wood ) 0 .07  0 .0 1  6 . 13 <0 . 00 1  
m1 ( e l ectri cal output ) 0 . 65  0 . 10 6 . 74 <0 . 001  
m2 ( h igh  g rade transpo rt )  1 . 54 0 . 16 9 . 72 < 0 . 001  
m3 ( medi um grade 1 . 36 0 . 16 8 . 62 <0 . 00 1  

transport ) 
m4 ( i ndus tri a l  hea t )  0 . 26 o .oa 3 . 17 < 0 . 0 1  >0 . 00 1  
m5 (water heati ng )  0 . 29 0 . 08 3 . 52 <0 . 0 1  >0 . 001  
rn6 ( s pace hea t i n g )  0 . 29 0 . 08 3 . 56 <0 .01  >0 .001 

F Ra tio = 12 . 50 ( d f ,  v1= 1 1 , v2=22 ) , s i g n i f i cant a t  p=0 . 00 1  l evel . 
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4 . 6 . 2  Interpre tation of results ( for unwe ighted models )  

� . 6 . 2 . 1 Estimates of coefficients and � -���ios 

Irrespective of  what variable was chosen as the equivalencing 

variable , the same pattern of es timates of the coefficients resul t s . 

That is , hydro-electricity was found to be the highest qual ity energy 

input ( highes t  coefficient ) ,  generally  foll owed by natural gas , o i l , 

coal and finally wood , in that order .  This was a similar pattern in 

ranking of the qual ity of the inputs , as those determined in Chap ter 3 .  

Generally ,  high grade transport was found to be the highest quality  

output , fol lowed by  medium grade transport , cooking , electrical output , 

and then heat uses ( wate r ,  space , industrial ) .  This was a similar 

order , to that determined in Chapter 3 ,  with the notable exception 

of cooking being determined as having a lesser qual ity than high 

grade transport . Again , these estimates make good technical and 

phys ical sense . 

Generally , the t ratios indicated that accurate estimates we re 

obtained for the coefficients generated by these mode l s .  For all 

models ( except m4 = 1 ,  m 6 = 1 ,  m 1 = 1 ) ,  the coefficients were all 

significant at the � = 0 . 00 1  l evel ( except the coefficients m4 , m 5 , m 6 
) .  This is a s imilar s i tuation to the models examined in Chapter 3 .  

That is , the exceptions to the above generalisation are due to the 

error associated wi th m4 , m5 , and m6 • Also similarly to the Chap ter 3 

models , more accurate estimate s  of the coefficients were obtained for 

models which had a high F ratio . For example , for the model m2 = 1 ,  

which had an F ratio of 40 . 60 ,  the t ratios for m4 was 3 . 37 ,  for m5 was 

3 . 75 and for m6 was 3 . 78 .  These t ratios we re significant at  the 2p = 

0 . 0 1  level . Whereas , the t ratios for these coefficients for other  

models wi th lowe r  F ratios were significantly lowe r � = 2 . 00 ) . 

4 . 6 . 2 . 2  F Ratios 

The F Ratios for all models  were significant at  the p = 0 . 1 0  

level , and significant at the p = 0 . 00 1  l evels for the models  ( n 1 , n2 , 

n3 , n4 , n5 ,  m1 , m2 , m3 , m7 ) .  As with the models e xamined in Chapter  3 ,  

i t  was found that those variables which had low t ratios , generated the 

less significant models whe n  that variable was used as the 
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e quivalencing variable . 

The most significant model was :  

, mz = 1 ( high grade transport e quivalents ) ,  F Ratio = 4 0 . 60 ,  followed by 

the following models in decr eas ing order : 
m3 

n l 

n2 

m7 

n3 

l1tt 
ml 

ns 

fiG 
ms 

Il4 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

( medium grade transport equlvalents ) ,  F Ratio = 1 8 . 87 

( hydro-electric e quivalents ) ,  F Ratio = 1 4 . 9 3 

( natural gas equivalents ) ,  F Ratio = 1 3 . 4 3 

( cooking equivalents ) ,  F Ratio = 1 2 . 58 

( oil equivalents ) ,  F Ratio = 1 0 . 75 

( coal equivalents ) ,  F Ratio = 8 . 00 

( electrical output equivalents ) ,  F Ratio = 7 . 3 0 

( wood equivalents ) , F Ratio = 6 . 08 

( space heating equivalents ) ,  F Ratio = 1 . 47 

( water heating e quivalents ) ,  F Ratio = 1 . 4 3  

( industrial heat equivalents ) ,  F Ratio = 1 . 1 4 

4 . 6 . 3  Detailed Results ( We ighted Models ) 

The model s  were weighted , as i t  can be a rgued that the 

coefficients determined in the modelling process , depend at leas t to 

some degree on the s tructure of  the energy economy . It  is  easies t  to 

weight the pathways in the model according to end-use demand , since 

there is only one output per pathway • Whereas , there are several 

inputs per pathway which makes weighting of the pathways difficult .  As 

no future end-use demand is known , the 1 97 6  end-use demand was used . 

The end-use demand ( PJ . Yr- � weigh ting was divided by the number 

of  possible pathways that produce that output , to determine a weighting 

accord ing to the following end-use demands �  

Y 1 ( Elec trical Output ) pathways = 6 . 99 P J  Yr- 1 

Y 2 ( High Grade Transport ) pathways = 5 . 1 4  PJ  Yr- 1 

Y 3 ( Medium Grade Transport ) pathways = 0 . 00 PJ Yr- 1 

Y 4 ( Industrial Heat ) pathways = 1 2 . 1 8  PJ Yr- 1 

Y 5 ( Water Heating ) pathways = 2 . 50 PJ Yr- 1 

Y 6 ( Space Heating ) pathways = 4 . 25 PJ Yr- 1 

Y 7 ( Cooking ) pathways = 0 . 37 P J  Yr- 1 
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The Y 3 ( Medium Grade Transport ) pathways were excluded because the 1 9 76  

end-use demand for  e ac h  individual pathway was es timated to be below 
- 1  0 . 0 1  P J , Yr • 

The following sets of statistical results were o btained for the 

weighted model :  

n = 1  -1 ( Hyd ro e l ectri c eq u i  va 1 ents ) 

E st ima te of  Standard t Rat i o Leve l of 
Coeffi c i ents Devi at i on S i gn i fi cance ( 2 p )  

( d f= 2 2 )  
n2 ( natural gas ) 0 . 41 0 . 05 7 . 90 < 0 . 00 1  
n3 ( o i  1 ) 0 . 44 0 . 06 7 . 6 2  < 0 . 00 1  
n4 ( coa l ) 0 . 24 0 . 04 5 . 6 1  < 0 . 00 1  
n5 ( wood ) 0 . 14 0 . 03 5 . 2 2  < 0 . 00 1  
m1 ( e l ectr i ca l  outpu t )  1 . 49 0 . 18 8 . 2 7 <0 . 00 1  
m2 ( h i gh g rade transport )  3 . 80 0 . 28 13 . 57 < 0 . 00 1  
m4 ( i ndustri a l  heat )  0 . 60 0 . 08 7 . 29 < 0 . 00 1  
m5 ( wa ter heati n g )  0 . 6 7 0 . 32 2 . 1 3 <0 . 05 >0 . 02 
m6 ( sp ace h eati ng ) 0 . 68 0 . 19 3 . 1 5 < 0 . 0 1  >0 . 00 1  
m7 ( coo k i n g )  2 . 02 2 . 10 0 . 96 <0 . 50 >0 . 20 

F Rat i o = 22 . 35 ( d f ,  v 1= 1 0 , v2= 23 ) , s i gn i fi cant  a t  t h e  p=0 . 000 1  l eve l . 

�= 1  ( Natural  gas egu i va l ents ) 

E s t i mate o f  S tandard t Rat i o  Level of 
Coeffi c i ents  Devi a t i o n  S i g n i f i cance ( 2 p )  

( df=2 2 )  
n 1 ( hyd roel ectri c i ty )  1 .  7 6  0 . 22  7 . 90  <0 . 00 1  
n3 ( o i l )  0 . 90 0 . 12 7 . 73  < 0 . 00 1  
n4 ( coal ) 0 . 54 0 . 08 6 . 64 < 0 . 00 1  
n5 ( wood )  6 . 30 0 . 05 6 . 0 7  < 0 . 00 1  
m1 ( el ectri ca l  output ) 3 . 17 6 . 33 9 . 65 < 0 . 00 1  
m2 ( h i gh g rade tran s po rt )  7 . 6 1  0 . 69 1 1 . 00 < 0 . 00 1  
m4 ( i ndustr i a l  heat )  1 . 2 7  6 . 16 7 . 93 < 0 . 00 1  
m5 ( water heati ng ) 1 . 43 0 . 6 5 2 . 2 1  < 0 . 0 5  >0 . 02 
m6 ( space h eati n g )  1 . 45  0 . 39 3 . 72 <0 . 0 1  >0 . 00 1  
m7 ( cook i n g ) 4 . 24 4 . 33 0 . 98 <0 . 50 >0 . 20 

F Ra t i o  = 14 . 58 ( df ,  v 1= 1 0 , v2= 23 ) , s i gn i f i cant at  the p=0 . 000 1 l evel  



!!.3= 1  ( O i l equ i va l ents ) 

n 1 ( hydro e l ectri c i ty )  
n2 ( natura l gas ) 
n4 ( coa 1 )  
n5 ( wood ) 

( e l ectr i ca l output )  

6 4  

E s t i mate of  
Coeff i c i e nts 

1 . 64 
0 . 80 
0 . 49 
0 . 28 
2 . 99 m1 m2 ( h i gh g rade tran s port ) 7 . 20 

m4 ( i ndustri a l  hea t )  1 . 19 
( wa ter  heat i n g )  1 . 34 

Standard t Rati o Le vel  of 
Dev i a t i on S i gn i f i cance ( 2p )  

( d f=2 3 ) 
0 . 22 7 . 6 2  <0 . 00 1  
0 . 10 7 . 73 < 0 . 00 1  
0 . 08 6 . 16 <0 . 00 1  
0 . 05 5 . 59 <0  . 00 1  
0 . 31 9 . 58 < 0 . 00 1  
0 . 63 1 1 . 37 < 0 . 00 1  
0 . 1 5 7 . 84 < 0 . 00 1  
0 . 6 1  2 . 2 0  <0 . 05 >0 . 0 2  m5 m6 ( s pace heat i ng )  1 . 37 6 . 37 3 . 72 <0 . 0 1  >0 . 00 1  

m7 ( cook i ng )  4 . 00 4 . 07 0 . 98 < 0 . 50 >0 . 20 

F Rat i o  = 16 . 50 ( d f ,  v 1= 10 , v2= 23 ) , 

�= 1  ( Coal  equ i va l ents ) 

n 1 n2 n3 n 5 m1 m2 

E s t i mate of  
Coeffi c i ents 

( hydro e l ectri cty )  2 . 37 
( na tura l  gas ) 1 . 23 
( o i l ) 1 . 27 
( wood -) 0 . 44 
( e l ectri ca l outp u t )  4 . 58 
( h i gh grade transport ) 10 . 78 
( i ndustri a l  heat ) 1 . 80 

s i gn i fi cant  a t  the p=0 . 000 1  l evel . 

Standa rd t Rat i o  Lev e l  o f  
Dev i at i o n  S i gn i fi cance ( 2p )  

( df=23 ) 

0 . 42 5 . 6 1  <0 . 00 1  
0 . 18 6 . 64  <0 . 00 1  
0 . 2 1 6 . 16 < 0 . 00 1  
0 . 08  5 . 44 <0 . 00 1  
0 . 59 7 . 76 < 0 . 00 1  
1 . 35 7 . 98  <0 . 00 1  
0 . 28 6 . 46 <0 . 00 1  m4 m5 ( water h eat i ng ) 2 . 05 0 . 99 2 . 0 7  <0 . 0 5  >0 . 02 

m6 ( space h eat i n g )  2 . 08 
m7 ( co ok i n g )  6 . 04 

F Rat i o = 8 . 60 ( df ,  v 1= 10 , v2= 23 ) , 

�= 1  ( Wood equ i va l ents ) 
E s t i mate o f  
Coeffi c i ents 

0 . 6 1  
6 . 5 7  

s i g n i fi cant a t  

Standard 
Dev i at i on 

3 . 42 <0 . 0 1  >0 . 00 1  
0 . 9 2  <0 . 50 >0 . 20 

the p=0 . 00 1  1 eve 1 . 

t Rat i o  Lev e l  o f  
S i g n i fi cance ( 2p )  

( df=2 3 )  
n 1 ( hydro e l ectri c i ty )  3 . 94 0 . 75 5 . 22 <0 . 00 1  
n2 ( natura l  gas )  2 . 06 0 . 34 6 . 0 7  < 0 . 00 1  
n3 ( o i l ) 2 . 09 0 . 37 5 . 59 <0 . 00 1  
n4 ( wood )  1 . 28 0 . 24 5 . 44 <0 . 00 1  
m1 ( e l ectri ca l  output ) 7 . 7 1 1 . 6 5  7 . 36 < 0 . 00 1  
m2 ( h i gh g rade tran spo rt ) 17 . 57 2 . 60 6 . 75 < 0 . 00 1  
m4 ( i ndus tri a l  h eat ) 3 . 02 0 . 50 6 . 10 <0 . 00 1  
m5 ( wa ter heati ng ) 3 . 39 1 . 7 1  1 . 9 8  < 0 . 10 >0 . 0 5  
m6 ( space heat i n g )  3 . 43 1 . 06 3 . 22 < 0 . 0 1  >0 . 00 1  
m7 ( coo k i n g )  9 . 97 1 1 . 27 0 . 88 <0 . 50 >0 . 20 

F Rat i o = 6 . 40 ( df ,  v 1= 1 1 , v2=22 ) , s i gn i fi ca n t  at  the p=0 . 00 1  l eve l . 
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m 1= 1  ( el ectri ca l output equ i va l ents ) 

E st imate o f  
Coeffi c i ents 

n 1 ( hyd ro e l ectri c i ty )  0 . 50 
n2 ( na tural  gas ) 0 . 25 
n3 ( 0 i 1 ) 0 . 2Y 
n4 ( coa 1 ) 0 . 16 
n5 ( wood ) 0 . 09 
m2 ( h i gh g rade transport)  2 . 16 
m4 ( i ndus tri a l  heat ) 0 . 36 
m5 ( water heat i ng )  0 . 40 
m6 ( s pace h eati n g )  0 . 4 1 
my ( cook i n g )  1 . 20 

Standard t Rat i o Leve l  of  
Dev i a t i on S i gn i fi cance ( 2p )  

( df=2 3 ) 
0 . 06 8 . 2Y <0 . 00 1  
0 . 0 3  9 . 6 5 < 0 . 00 1  
0 . 0 3  9 . 58 < 0 . 00 1  
0 . 02 Y . Y6 < 0 . 00 1  
0 . 0 1  Y . 36 < 0 . 00 1  
0 . 1 8 1 1 . 69 < 0 . 00 1  
0 . 04 8 . 1 1 < 0 . 00 1  
0 . 18 2 . 2 2  <0 . 05 >0 . 02 
0 . 1 1 3 . Y5 < 0 . 0 1  >0 . 00 1  
1 . 22 0 . 99 < 0 . 50 > 0 . 20 

F Ra t i o = 2 1 . 84 ( d f ,  v 1= 1 1 , v2=22 ) , s i gn i fi cant a t  the p=0 . 0001  l evel . 

�= 1  ( H i gh grade transport equ i va l ents ) 

Est i mate of Standard 
Coeffi c i ents Devi a t i on 

n 1 ( hydro el ectri c i ty )  0 . 23 
n2 ( natural gas ) 0 . 1 1  
n3 ( o i l )  0 . 1 2 
n4 ( coal ) O . OY 
n5 ( wood ) 0 . 04 
m1 ( e l ectri cal  output ) 0 . 40 
m4 ( i ndustri al  hea t )  0 . 16 
m5 ( wa ter heati ng ) 0 . 18 
m6 ( sp ace h eat i n g  0 . 18 
my ( cook i ng )  0 . 53 

0 . 0 2  
0 . 0 1  
0 . 0 1  
0 . 0 1  
0 . 0 1  
0 . 03 
0 . 02 
0 . 08 
0 . 05 
0 . 52 

t Rati o 

1 3 . 5 Y 
1 1 . 00 
1 1 . 3Y 

Y . 98 
6 . Y5 

1 1 . 69 
9 . 1 1 
2 . 30 
3 . 9 1  
1 . 02 

Leve l  of  
S i gn i f i cance ( 2p )  

( df= 23 ) 
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
<0 . 00 1  
<0 . 00 1  
< 0 . 00 1  
<0 . 00 1  

<0 . 05 >0 . 0 2  
< 0 . 00 1  

<0 . 50 >0 . 20 

F Rat i o = 69 . 10 ( d f , v 1= 1 1 , v2= 22 ) , 

�= 1  ( I ndus t r i a l  heat equ i va l e nts ) 

s i gn i fi cant at  the p=0 . 0001  l evel . 

E st i mate o f  Standard 
Coeffi c i e nts Dev i at i on 

n 1 ( hydro e l ectri c i ty )  1 . 16 
n2 ( natural gas ) 0 . 58 
n3 ( o i l ) 0 . 6 1  
n4 ( coal ) 0 . 36 
n 5 ( wood )  0 . 20  
m1 ( e l ectri cal  output ) 2 . 06 
m2 ( h i gh grade transport )  4 . 96 
m5 ( water heat i n g )  0 . 92 
m6 ( s pace heati n g )  0 . 94 
my ( cook i n g )  2 . Y4 

0 . 16 
O . O Y  
0 . 08 
0 . 06 
0 . 03  
0 . 25 
0 . 54 
0 . 44 
0 . 2 Y 
2 . 92 

t Rat i o 

Y . 2 9  
Y . 93 
Y . 84 
6 . 46 
6 . 10 
8 . 1 1  
9 . 1 1 
2 . 10 
3 . 4Y 
0 . 94 

Level  of  
S i gn i fi cance ( 2p )  

( df=2 3 )  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
< 0 . 00 1  
<0 . 00 1  
< 0 . 00 1  

� < 0 . 00 1  
<0 . 05 >0 . 02 
<0 . 01 >0 . 00 1  
<0 . 50 >0 . 20 

F Ra t i o = 1 0 . 48 ( d f , v 1= 1 1 , v2=22 ) s i gn i fi cant a t  the p=0 . 00 1  l ev e l . 
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�= 1  (Wate r heat i n g  equ i va l ents ) 
E s t i mate of  Standard 
Coeffi c i ent  Dev i at i on  

n 1 ( hydro e l ectri c i ty ) 0 . 24 
n2 ( natural gas ) 0 . 1 2 
n3 ( o i l ) 0 . 13 
n4 ( coal ) 0 . 08 
n5 (wood ) 0 . 04 
m1 ( e l ectri cal output ) 0 . 44 
m2 ( h i gh g rade transpo rt ) 1 . 05 
m4 ( i ndus tri al  h ea t ) 0 . 17 
m6 ( s pace heati ng ) 0 . 20 
m7 ( coo k i ng ) 0 . 58 

0 . 1 1 
0 . 06 
0 . 06 
0 . 04 
0 . 02  
0 . 20 
0 . 46 
0 . 08 
0 . 14 
1 . 29 

t Rati o  

2 . 1 3 
2 . 2 1  
2 . 20 
2 . 07 
1 . 98 
2 . 22 
2 . 30 
2 . 10 
1 . 43 
0 . 45 

Level  of  
S i gn i fi cance ( 2 p ) 

( d f= 2 3 ) 
< 0 . 05 >0 . 02 
< 0 . 05 >0 . 02 
< 0 . 0 5  > 0 . 02 
< 0 . 05 >0 . 02 
<0 . 10 >0 . 05 
< 0 . 05 >0 . 02 
< 0 . 05 >0 . 02 
<0 . 05 >0 . 02 
<0 . 20 >0 . 10 
< 0 . 80 >0 . 50 

F Ra t i o = 0 . 56 ( df , v 1= 1 1 , v2=22 ) , not s i g n i fi cant at  the p=0 . 1 0  l evel . 

!%= 1  ( Space heati ng equ i va l e nts ) 
E s t i ma te of 
Coeffi c i ent 

n 1 ( hyd.ro e l ectri c i ty ) 0 . 5 1 
n2 ( natural  gas ) 0 . 26 
n3 ( o i l ) 0 . 28 
n4 ( coal ) 0 . 16 
n5 (wood ) 0 . 09  
m1 ( e l ectri ca l output ) 0 . 92 
m2 ( h i gh grade transport ) 2 . 22 
m4 ( i ndus tri a l  heat ) 0 . 37 
m5 (wate r heati n g ) 0 . 41 
m7 ( cook i n g ) 1 . 23 

Standard 
Dev i ati o n  

0 . 1 5 
0 . 07 
0 . 0 7  
0 . 0 5  
0 . 03 
0 . 25 
0 . 57 
0 . 1 1 
0 . 29 
1 . 85 

t Rat i o 

3 . 5 1 
3 .  72  
3 .  72  
3 . 42  
3 . 22 
3 . 75 
3 . 9 1  
3 . 47  
1 . 43 
0 . 66 

Level  o f  
S i gn i fi cance ( 2p ) 

( df= 2 3 ) 
< 0 . 0 1  >0 . 001  
<0 . 0 1  >0 . 00 1  
<0 . 0 1  >0 . 00 1  
< 0 . 0 1  >0 . 00 1  
< 0 . 0 1 >0 . 00 1  
<' . 0 1  > 0  . 00 1  

< 0 . 00 1  
< 0 . 0 1  >0 . 00 1  
< 0 . 20 >0 . 10 
< 0 . 80 >0 . 50 

F Ra ti o = 1 . 67  ( df , v 1= 1 1 ,  v2=22 ) , not s i gn i fi cant at  the p = 0 . 10 l evel . 

�7= 1  ( Coo k i ng equ i val ents ) 

n1 ( hyd ro e l ectri c i ty ) 
n2 ( natura l gas ) 
n3 ( o i l ) 
n4 ( coa l ) 
n5 (wood ) 
m1 ( e l ectri cal output ) 
m2 ( h i gh g rade 

transport ) 
m4 ( i ndus tri a l  heat ) 
m5 (wate r h eati n g ) 
m6 ( space heati ng ) 

Esti mate of Sta ndard 
Coeffi c i ent  Dev i ati on  

0 . 0 1 9 1  
0 . 0095  
0 . 0 10 1  
0 . 0059  
0 . 0033  
0 . 0337  
0 . 0814  

0 . 0 1 34 
0 . 01 5 1  
0 . 0 153  

0 . 0 19 9  
0 . 0096 
0 . 0 10 2  
0 . 0064 
0 . 0037  
0 . 0342 
0 . 0799  

0 . 0 143 
0 . 0335 
0 . 02 3 1  

t Rat i o  

0 . 96 
0 . 98 
0 . 98 
0 . 92 
0 . 88 
0 . 99 
1 . 02 

0 . 94 
0 . 45 
0 . 66 

Level  of  
S i g n i fi cance ( 2 p ) 

( df=23 ) 
< 0 . 50 >0 . 20 
< 0 . 50 > 0 . 20 
< 0 . 50 >0 . 20 
< 0 . 50 >0 . 20 
<0 . 50 >0 . 20 
< 0 . 50 >0 . 20 
< 0 . 50 >0 . 20 

<0 . 50 >0 . 20 
<0 . 80 >0 . 50 
<0 . 80 >0 . 50 

F Rati o = 0 . 1 1 ( d f ,  v 1= 1 1 , v2=22 ) , not s i gn i fi canat a t  the  p=0 . 10 l evel . 
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4 . 6 . 4  Interpretation of  Results ( Weighted Models ) 

4 . 6 . 4 . 1 Estimate of Coefficients and t Ratios 

Again a similar pattern resulted , with hydro-electricity being the 

highest quality input ( highest estimate of coefficient ) ,  followed by 

natural gas , oil , coal and then wood . This is the same pat tern which 

resul ted in the unweighted models ( Chapter 4) and the models in Chapter 

3 .  Also , s imilarly to those sets of  models , high grade transport and 

cooking we re found to be the highest  qual ity outputs , foll owed by 

elec trical output and then by low quality heat uses ( water heating , 

space hea ting and industrial heat ) . 

All models , except m7 = 1 ,  made good physical and techni cal sense . 

In this model ( m7 = 1 ) ,  the e s timates of the coefficients appear to be 

too low compared with m7 = 1 ;  al though the general ordering of the 

other coefficients in terms of their energy qual ity is sensible . 

Weighting had the e ffect of  making inaccurate es timates of 

coefficients ( as indicated by low t ratios ) even more inaccurate ; and 

the opposi te e ffect of  making a ccurate es timates of  coefficients even 

more accurate . Neverthe l es s , most estimates of coefficients were 

significant at the 2p= 0 . 00 1  leve l . 

4 . 6 . 4 . 2  F ratios 

The most significant model was :  

m2 = 1 ( high grade transport e quivalents ) ,  F Ratio = 69 . 1 0 followed by 

the following models  in decreas ing order : 
n l = ( hydro-electric equivalents ) ,  F Ratio = 22 . 35 

m l = ( electrical output equivalents ) ,  F Ratio = 2 1 . 84 
n 3  = ( oil equivalents ) ,  F Ratio = 1 6 . 50 

n 2 = ( natural gas equivalents ) ,  F Ratio = 1 4 . 50 

m4 = ( industrial heat equivalents ) ,  F Ratio = 1 0 . 48 

n '+  = ( coal e quivalents ) ,  F Ratio = 8 . 60 

n s = ( wood e quivalents ) ,  F Ratio = 6 . 40 

m G = 1 ( space heating equivalents ) ,  F Ratio = 1 .  6 7  

m s = ( water heat.:\..ng equivalentS') , F Ratio = 0 . 66 

ffi 7  = ( cooking e quivalent s ) , F Ratio = 0 . 1 1  
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The first 8 models we re a l l  significant at  the p = 0 . 1 0  level . 

Weighting had the e ffect of  increasing , s till fur ther ,  the F 

ratios , of those models which we re already high . And oppositely,  

decreasing s t i l l  furthe r , the F ratios of those model s  which were 

already low ( re fer to table 4 . 3 ) . This effec t seemed to be generally 

proportional to the weigh ting . 

Consequently , the range of  F ratios , for these weighted mode ls , 

was greater than the range of  F ratios for the unweighted models -

ranging from F = 0 . 1 1  for m 7= 1 ,  to F = 69 . 1 0 for m 2 = 1 .  There fore , 

for unweighted mode l s ,  it appears to be more cr itical which variable is 

used as the equivalencing variable . 

4 . 6 . 5  Model Selection and Improvement ( Using Unweighted Model s )  

The unweighted mode l s  were used a s  the basis to the model 

selection and improvement , as generally they generated the most 

consistently significant s tatistical results . 

The "best" model appeared to be m 2= 1 ( high grade transport 

e quivalents ) as i t  had the highest F ratio , and it makes good physical 

and technical sense . As i t  is  conceptually difficul t to unde rstand and 

use "high grade transport equivalents" , it is recommended that the 

coefficients be converted to hydro-electric equi valents n 1 ( m2 ) by 

d ividing each coefficient by 0 . 22 9 6 1  

n 1  ( hydro-electricity)  

n 2  ( natural gas ) 

n 3 ( oil ) 

n 4  ( coal ) 

n s ( wood ) 

m l  ( electrical output ) 

ffi 2 ( medium grade 

transport ) 

high grade trans port 

equivalents C m 2 ) 

0 . 22 9 6 1  

0 . 1 1 725  

0 . 1 1 1 68 

0 . 06 1 433  

0 . 0 4 3 3 4 6  

0 . 39768  

0 . 82509 

hydro-electric 

e quivalents [ n  1 (m 2 ) ] 

1 .  0000 

0 . 5 1 06 

0 . 4 8 6 4  

0 . 2 6 7 6  

0 . 1 888  

1 .  7320 

3 . 59 3 4  
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Tabl e 4 . 3 : Compari son of  F Ra t i os for We i gh ted and Unwe i ghted Mode l s o f  

a n  Energy Effi c i en t  Economy 

��ode 1 

n = 

1 
n = 

2 
n = 

3 
n = 

4 
n = 

5 
m1 

= 

m2 
= 

m3 
= 

m = 

4 
m = 

5 
m = 

6 
m -

7 -

Wejg hted 
F Rati o 

1 22 . 35 
1 14 . 58 

1 16 . 50 
1 8 . 60 
1 6 . 40 
1 2 1 . 84 

1 69 . 10 
1 
1 10 . 48 
1 0 . 56 
1 1 . 6 7  

1 0 . 1 1 

df 

1 1 , 2 2  

1 1 , 22 
1 1 , 2 2  
1 1 , 22 

1 1 , 2 2  
1 1 , 2 2  
1 1 , 22 
1 1 , 2 2  
1 1 , 22 
1 1 , 22 
1 1 , 2 2  
1 1 , 22 

Unwa i gh ted 
F Rat i o  d f  

14 . 93 1 0 , 2 3  
13 . 43 1 0 , 23 

10 . 75 1 0 , 23 

8 . 00 1 0 , 23 

6 . 08 1 0 , 23 

7 . 30 1 0 , 23 

40 . 60 1 0 , 2 3  

18 . 1 7 10 , 23 

1 . 14 10 , 2 3  

1 . 43 10 , 2 3  

1 . 47 10 , 2 3  

1 2 . 50 1 0 , 2 3  

We i gh t  of  
Output 

6 . 99 (m 1 ) 
5 . 14 (m2 ) 
O . OO (m3 ) 

1 2 . 18 (m4 ) 
2 . 50 (m5 ) 
4 . 25 (m6 ) 
0 . 3 7 (m7 ) 

a The  F rat i o s  for both s ets (we i ghted and unwe i gh ted ) mode l s are 
s tri ctly comparab l e ,  because the degrees of  freedom a re d i fferen t .  

Howeve r ,  they are very n ear l y  comparab l e s i nce  the degrees of freedom 
are nearl y i denti ca l . 

·· ...... 



Tab l e  4 . 4 : Compari son of Est imates of  Co-effi c ients Standard i sed so  n 1= 1 ,  and F Ratios for Mode l s  ( n 1-n7 , m1 -m7 ) of  an _E_nergy Effi c i en t  Economy (Un�eight_�d) 

Bas i s  for Model 

n1= 1  ( Hydro ) 
n2= 1  ( Gas ) 
n3= 1  ( Oi l 

n4= 1  ( Coal  

n5= 1  (Wood ) 

m1= 1  ( E l ectri ca l ) 

m2= 1  ( H . G .  Transport) 
m3= 1 ( M . G  • .  Transport ) 
m4= 1  ( Indus tr i a l  Heat )  

m5= 1  (Water Heat )  
m6= 1  ( Space Heat )  

m7= 1  ( Cooki ng )  

n l 

l . OOa , b  

l . OOa , b  

l .OOa ,b  

l . OOa , b  

l . OOa , b  

l .OOa , b  

l . OOa , b  

l . OOa ,b  

l .OOa , b  

l . OOa , b  

l .OOa ,b 

l . OOa ,b 

n2 n3 

0 . 43b 0 . 40b 

0 . 63a 0 . 50 
0 . 53 0 . 63a 

0 . 59 0 . 53 
0 . 59 0 . 53 
0 . 57 0 . 52 

0 . 5 1  0 . 49 
0 . 55 0 . 50 
0 . 55 0 . 52 
0 . 55 0 . 52  
0 . 56 0 . 53 
0 . 54 0 . 52 

a Hi ghest or h i ghest equal  estima te i n  that col umn . 

b Lowes t  or l owes t  equ9l estimate i n  that col umn . 

Est imates of Co-eff i c i ents  
n4 n5 ml m2 

0 . 2 1b 0 . 15b 1 . 46b 3 .  7 lb 

0 . 29 0 . 2 1  1 . 89 4 . 40 

0 . 28 0 . 20 1 . 9 1  4 . 49 

0 . 42a 0 . 24 2 . 07 4 . 70a 

0 . 33 0 . 32a 2 . 14 4 . 66 

0 . 30 0 . 2 1  2 . 4 1a 4 . 40 

0 . 27 0 . 19 1 .  73  4 . 36 
0 . 31 0 . 22 1 . 87 4 . 36 

0 . 30 0 . 21 1 . 85 4 . 34 

0 . 29 0 . 21 1 . 87  4 . 36 

0 . 30 0 . 2 1 1 . 88 4 . 39 

0 . 29 0 . 2 1  1 . 84 4 . 32 

F Ratio  
m3 m4 m5 m6 m? 

3 . 06b 0 . 59b 0 . 66b 0 . 66b 1 . 97b 14 . 9 3  
3 . 93 0 . 75 0 . 84 0 . 85 2 . 49 1 3 . 43 
3 . 84 0 . 76 0 . 85 0 .87 2 . 53 10 . 75 
4 . 43a 0 . 81 0 . 92 0 . 93 2 . 69 8 . 00 
4 . 39 0 . 83 0 . 93 0 . 94 2 . 7 1 6 . 08 

3 . 9 1  0 . 75 0 . 84 0 . 85 2 . 48 7 . 30 
3 . 59 0 . 69 0 . 77  0 . 78 2 . 29 40 . 60 
4 . 32 0 . 74 0 . 83  0 . 84 2 . 46 1 8 . 87 
3 . 84 2 . 02a 0 . 82 0 . 83 2 .44 1 . 14 
3 . 87 0 . 73 1 . 98a 0 . 84 2 . 45 1 . 43  
3 . 89 0 . 74 0 . 83 2 . 00a 2 . 47  1 . 47 
3 .8 1  0 . 73 0 . 82 0 . 83 2 . 81a 12 . 58 

-...! 0 
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m3 ( high grade transport ) 1 . 0000 4 . 3 5 52 

m'+ ( industrial heat ) 0 . 1 5839  0 . 6898  

m5  ( water heating ) 0 .  1 7720 o.  77 1 7  

m6 ( space heating ) 0 .  1 7924 0 . 7806 

m7  ( cooking ) 0 . 52693  2 . 2949  

Similarly , if another model is chosen as the model to use , the  

coefficients can be converted to  hydro-electric equivalents - that is : 

EC[Ui valenc ing Symb ol Uni t 

n2 = 1 ' n 1 C n 2 ) 

n ,  = 1 ' n 1 ( n 3 ) 

n 4  = 1 ' n 1 ( n 4 ) 

n s = 1 ' n 1 ( n  5 ) 

m l = 1 ' n 1 ( m  l )  
m 3  . - 1 ' n 1 ( m  3 )  
m 4  = 1 ' n 1 ( m 4 ) 

m !>  = 1 ' n 1 ( m  5 ) 

m 6 = 1 ' n 1 ( m  6 ) 

m 7 = 1 ' n 1 ( m 7 )  

( refer to table 4 . 4 ) . 

It should be noted ( by analysing table 4 . 4 ) , that there is a 

marked tendency for a coefficient to be over es timated ( c . f . with 

other models ) ,  when it is used as the e quivalencing unit . This 

tendency i s  mos t  marked in mode l s  with low F ratios , and does not exist 

in models with higher F rat ios . This lends support to the method of 

choosing the model ( s )  wi th the highest  F ratio ( s ) .  

4 . 7  Post Regress ion Analysis of Pathways , for the m2 Model 

4 . 7 . 1 Residuals of Pathways ( Relative Net Energy Yields ) 

The residual [ ( -Y 2 ) ( -Y2 ) J  is equivalent to the relative net 

energy yield ( Q )  of each pathway . Table 4 . 5  details the actual val ue 

( -Y2 ) , predicted value ( -Y2 ) ,  standard deviation o f  ( -Y2 ) , residual 
A 

[ ( -Y2 ) - ( -Y2 ) ] ,  and s tandardised residual of  each e quation ( pathway ) 

in this model ( it should be noted that these values are routinely 



Tabl e  4 . 5 :  Analys i s  o f  Res i dua l s  for H i_gh Gra�_T]'ansport Eqgtv�l ents (m2= 1 )  f o r  an Energy Eff ic i ency Economy 

Actual -x1 Predi cted -x1 Standard Res i dua l Standard i sed 
Pathway ( -Y2 )  ( -92 ) Dev i at i on { ( -Y2 ) - ( -Y2 ) l Res i dual 

of  -Y2 
1 .  Coal � E l ectri cal Output 0 . 0000 -0 . 0983 0 . 0567 0 . 0983 1 . 14 
2 .  Oi l � El ectri cal  Output 0 . 0000 0 . 06 18 0 . 0607 -0 . 06 18 -0 . 74 
3 .  Gas � E l ectrical  Output 0 . 0000 0 . 0832 0 . 0578 -0 . 0832 -0 .97  
4 .  Wood � E l ectrical  Output 0 .0000 0 .0767 0 . 0682 -0 . 0767 -0 . 99 
5 .  Hydro � E l ectri cal Output 0 . 0000 -0 . 1234 0 . 0576 0 . 1234 1 . 44 
6 .  Coa l � High  Grade Transport 1 . 0000 1 . 05 10 0 . 07 1 2  -0 . 0510  -0 . 68 
7 .  Oi l � High  Grade Trans port 1 . 0000 0 . 7693 0 . 0669 0 . 2307 2 . 93 
8.  Gas � High  Grade Transport 1 . 0000 0 . 9084 0 . 07 18 0 .0916 1 . 23 
9 .  Wood � H i gh Grade Trans port 1 . 0000 0 . 9895 0 . 0623 0 .0 105 0 . 1 3 
1 0 .  Hydro � H i gh Grade Transport 1 . 0000 1 .  0470 0 . 0798 -0. 0470 -0 . 72 
1 1 .  Gas � Med . Grade Trans port 0 . 0000 -0 . 1407 0 . 0729 0 . 1407 1 . 92 
12 .  Wood � Med . Grade Trans port 0 . 0000 0 .0316 0 . 0748 -0 . 0316  -0 . 44 
1 3 .  Coal � Med . Grade Transport 0 . 0000 0 . 1091 0 . 0 783 -0 . 1091 - 1 . 62  
1 4 .  Coal + I ndustri al Heat 0 . 0000 -0 . 0475 0 . 0475 0 . 0475 0 . 52 --.J 
1 5 .  Oi l � I ndustri a l  Heat 0 . 0000 0 . 0240 0 . 0486 0 . 0240 -0 . 26 N 
1 6 .  Gas � I ndustri a l  Heat 0 .0000 0 . 0405 0 . 0483 -0 . 0405 -0 . 44 
1 7 .  Wood � I ndustri al Heat 0 . 0000 0 . 0053 0 . 0490 -0 . 0053 -0 .06  
1 8 .  Hydro + I ndustria l  Heat 0 . 0000 -0 .0224 0 . 0483 0 .0 135 0 . 25 
19 . Coal � Water Heating 0 . 0000 - 0 . 0347 0 . 0485 0 . 0347 0 . 38 
20 . Oi l � Water Heating 0 . 0000 0 . 0322 0 . 0493 -0 . 0322 -0 . 35 
2 1 .  Gas � Water Heati ng  0 . 0000 0 . 05 10 0 . 0489 -0 . 05 10 -0 . 56 
22 . Wood + Water Heati ng 0 . 0000 -0 . 0 135 0 . 0490 0 . 0135 0 . 15 
2 3 .  Hydro � Water Heati ng 0 . 0000 -0 .0349 0 . 0486 0 .0349 0 . 38 
24 .  Coal � Space Hea t i ng 0 .0000 - 0 . 0260 0 . 0486 0 . 0260 0 . 29 
25. Oi l � Space Heat i ng 0 . 0000 0 . 06 1 6  0 . 0500 -0 . 06 16 -0 .68 
26 . Gas + Space Heating  0 . 0000 0 . 0547 0 . 0490 -0 . 0547 -0 .60  
27 .  Wood + Space Heat i ng 0 . 0000 -0 . 0240 0 . 0487 0 . 0240 0 . 26 
28 .  Hydro + Space Heati ng 0 . 0000 -0 . 0663  0 . 0483 0 . 0663 0 . 73 
29 .  Coal + Cook i ng 0 . 0000 -0 . 1378 0 . 0600 0 . 1 378 1 . 64 
30 . 0 1 1  + Cooking  0 . 0000 0 . 1 545 0 . 0723 -0 . 1545 -2 . 09 
3 1 . Gas + Cook i ng 0 .0000 0 . 12 1 1  0 . 0654 -0 . 12 1 1  - 1 . 52 
32 . Wood + Cook i ng 0 . 0000 -0 . 1096 0 . 0631  0 . 1096 1 . 34 
3 3 .  Hydro + Cooki ng 0 . 0000 -0 . 282 0 . 0669 0 .0282 0 . 36 



Tabl e 4 . 6 :  Numerica l  Cal cu l a t ions for P a thways o f  the nl( m3) Model o f  an Energi E ff i c i en t  New Zea l and Econom� 

�e l a t i ve Re l a t i ve 
Outputs I nputs Outputs I nputs E f f i c i e ncy E ff i c i ency Qual i ty o f  Qua 1 i ty o f  N e t  Energy 

Pathways (OQ )  ( IQ )  ( OH )  ( I H )  ( Q )  ( H )  I nputs Outputs Y i e l d  
( OQ/ ! Q )  ( OH/ IH l ( I Q/ ! H )  ( OQ/OH ) ( DQ/ IQ ) 

1 .  Coal + El ectri cal  Output 1 .  7320 1 . 3035 1 . 0000 4 .  7000 1 . 3287 0 . 2 128 0 . 2773 1 .  7320 0 . 4285 
2 .  Oi l � El ectri cal  Output 1 . 7320 1 . 9828 1 . 0000 4 . 2 100 0 . 8735 0.  2 375  0 . 47 10 1 .  7320 -0 . 2 508 
3 .  Gas 7 E l ectri cal Output 1 .  7 320 2 . 0933 1 . 0000 4 . 0900 0 . 8274 0. 2445 0 .  5 1 18 1 .  7320 -0 . 36 1 3  
4 .  Wood + E l ectri cal Output 1 . 7320 2 . 0637 1 . 0000 9 . 9700 0 . 8393 0 . 1003 0 . 2070 1 .  7320 -0 . 33 1 7  
5 .  Hydro ' E l ectri cal  Output 1 . 7320 1 . 1943 1 . 0000 1 . 2700 1 .  4502 0 . 7874 0 . 9404 1 .  7320 0 .  5377 
6 .  Coal + H igh  Grade Transport 4 . 3552 4 . 5729 1 . 0000 1 1 . 0400 0 . 9523 0 . 0906 0 . 4 142 4 . 3552 -0 . 2 177  
7 .  Oi l 7 H i g h  Grade Transport 4 . 3552 3 . 3236 1 . 0000 6 .  7700 1 .  3104 0 . 1477 0 . 4909 4 . 3552  1 . 03 16 
8 .  Gas + H i g h  Grade Trans port 4 . 3552 3 . 95 17  1 . 0000 7 . 5400 1 . 1621 0 . 1 326 0 . 5241 4 . 3552 0 . 4035 
9 .  Wood � H i gh Grade Transport 4 . 3552 4 . 3035 1 . 0000 1 1 .  7600 1 . 0 120 0 .0850 0 . 3659 4 . 3552 0 .0517  
1 0 .  Hydro 7 H i gh Grade Transport 4 . 3552 4 . 5556 1 . 0000 5 . 2600 0 . 9560 0 . 1901 0 . 8661  4 . 3552 -0 . 2004 
1 1 . Gas + Med i um Grade Transport 3 . 5934 2 . 9763 1 . 0000 5 . 8900 1 . 2073 0 . 1698 0 . 5053 3 . 5934 0 . 6 1 7 1  
1 2 . Wood + Medi um Grade Trans port 3 . 5934 3 . 7249 1 . 0000 1 2 . 4800 0 . 9647 0 . 0801 0 . 2985 3 . 5934 -0 . 13 1 5  
13 .  Coal � Medium Grade Transport 3 . 5934 4 .0643 1 . 0000 1 1 . 6 100 0 .8841 0 .0861 0 . 3501 3 . 5934 -0 . 4709 
1 4 .  Coal 7 I ndus tr i a l  Heat 0 . 6898 0 . 4829 1 . 0000 1 . 6300 1 . 4285 0 . 6 135 0 . 2963 3 . 5934 0 . 2069 -...) 
1 5 .  O i l  7 I ndustri a l  Heat 0 . 6898 0 . 7874 1 . 0000 1 . 6700 0 . 8760 0 . 5988 0 .4715  0 . 6898 -0 . 0976 w 
1 6 . Gas + I ndustrial  Heat 0 . 6898 0 . 8659 1 . 0000 1 . 6800 0 . 7966 0 . 5952 0 . 5 154 0 . 6898 -0 . 1 76 1  
17 .  Wood 7 I ndustri a l  Heat 0 . 6898 0 . 7 1 2 1  1 . 0000 3 . 3000 0 . 9687 0 . 3030 0 . 2 158 0 . 6898 -0 . 0223  
18 . Hydro ; Industrial  Heat 0 . 6898 0 . 5922 1 .0000 0 . 6200 1 . 1648 1 . 6 129 0 . 9552 0 . 6898 0 . 0976 
19. Coal 7 Water Heating  0 . 77 1 7  0 . 6205 1 . 0000 2 . 2000 1 . 2437 0 .4546 0 . 2820 0 . 77 1 7  0 . 1 5 1 2  
20 . Oi l 7 Water Heat i ng 0 . 7 7 1 7  0 . 9035 1 . 0000 1 . 9200 0 . 8541 0 . 5208 0 . 4706 0 . 77 1 7  -0 . 13 18  
2 1 .  Gas  7 Water Heati ng 0 . 77 1 7  0 . 9933 1 . 0000 1 .  9300 0 .  7769 0 . 5 1 8 1  0 . 5 146 0 . 77 1 7  -0 . 22 16 
22 . Wood 7 Water Heati ng 0 . 77 1 7  0 . 7 1 2 1  1 . 0000 3 . 3000 1 . 0837 0 . 3030 0 . 2 158 0 . 77 1 7  0 . 0596 
23 .  Hydro 7 Water Heat i ng 0 . 77 1 7  0 . 6 194 1 . 0000 0 . 6700 1 . 2458 1 . 4925 0 . 9244 0 . 77 1 7  0 . 1523 
24 . Coal 7 Space Heat i ng 0 . 7806 0 . 6668 1 . 0000 2 . 3300 1 . 1 706 0 . 4292 0 . 2862 0 . 7806 0 . 1 1 38 
2 5 .  Oi l ; Space Heat i ng 0 . 7806 1 . 0396 1 . 0000 2 . 2000 0 . 7509 0 . 4546 0 . 4725 0 . 7806 -0 . 2590 
26 . Gas 7 Space Heating  0 . 7806 1 . 0 186 r . oooo 1 .  9700 0 . 7663 0 . 5076 0 . 5 170 0 . 7806 -0 . 2 380 
2 7 . Wood � Space Heating  0 . 7806 0 . 6752 1 . 0000 3 . 1 200 1 . 1 56 1  0 . 3205 0 . 2 164 0 . 7806 0 . 1054 
28 . Hydro 7 Space Heat i ng 0 . 7806 0 . 49 19 1 . 0000 0 . 5300 1 .  5869 1 . 8868 0 . 9280 0 . 7806 0 . 2887 
29 . Coa l 7 Coo k i ng 2 . 2949 1 . 6938 1 . 0000 5 . 7 100 1 . 3549 0 . 1 7 5 1  0 . 2966 2 . 2949 0 . 601 1  
30 . Oi l 7 Coo k i n g  2 . 2949 2 . 9408 1 . 0000 6 . 2400 0 . 7804 0 . 1603 0 . 4713  2 . 2949 -0 . 6457 
3 1 .  Gas 7 Cooki ng 2 . 2949 2 .8219 1 . 0000 5 . 5300 0 . 8132  0 . 1 808 0 . 5 102 2 . 2949 -0 . 5270 
32. Wood ; Coo k i ng 2 . 2949 1 . 8157  1 . 0000 8 . 3900 1 . 2639 0 . 1 192 0 . 2 164 2 . 2949 0 . 4792 
33. Hydro � Cooki ng 2 . 2949 2 . 1 7 14 1 . 0000 2 . 2 700 1 . 0569 0 . 4405 0 . 9566 2 . 2949 0 . 1235 

/ 
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produced b y  most regression programme packages ) . 

The pathway whi ch has the highes t  relative net energy yield ( i . e .  

has the highest positive residual ) is : Oil - >  High Grade Transport . 

This indicates that this i s  a relatively efficient pathway , �hich has 

extra significance as  i t  is the main pathway in the present economy 

( refer to Chapter 3 ) . Somewhat oppositely , there i s  a marked tendency 

for those pathways which are non-existen t  or  have very small flows i n  

the existing economy , to  have low relative net energy yields ( i . e .  

have a negative residual ) : 

( 4 )  Wood - >  Electrical Output , -0 . 0767  Cm2  = 1 ) 

( 6 )  Coal -> High Grade Transport , - 0 . 05 1 0  (m2 = 1 ) 

( 1 0 )  Hydro - >  High Grade Trans port , - 0 . 0470  Cm2  = 1 ) 

( 1 2 )  Wood - >  Medium Grade Transport , - 0 . 03 1 6  Cm2 = 1 ) 

( 1 3 )  Coal - >  Medi um Grade Trans port , -0 . 1 09 1  Cm 2 = 1 ) 

( 20 )  Oil - >  Water Heating , - 0 . 0322 ( m2 = 1 ) 

( 30 )  Oil - >  Cooking , - 0 . 1 54 5  (m 2 = 1 ) 

The residual plot ( Fig . 4 . 1 ) ,  i s  stati sfactory as  the res iduals 

appear to be randomly distributed around the origin . Therefore , there 

is no need to mod ify the general equation used in this model . 

4 . 7 . 2  Relative Efficiency of Pathways 

The relative e fficiency ( Q )  of each pathway is the Outputs ( Q )  

divided by the Inputs ( Q ) . It should be noted that for a perfectly 

fitted model , all equations have a relative e fficiency ( Q )  equal to 

unity . Therefore , pathways ( 1 , 5 ,  7 ,  8 ,  9 ,  1 1 ,  1 4 ,  1 8 ,  1 9 ,  2 2 ,  23 , 2 4 ,  

21 , 28 , 29 , 3 2 ,  3 3 )  which have relative efficiencies ( Q )  greater than 

unity , can be said to be relatively e fficien t ( Q ) . Whereas , pathways 

( 2 ,  3 ,  4 ,  6 ,  1 0 ,  1 2 ,  1 3 ,  1 5 ,  1 6 ,  1 7 ,  2 0 ,  2 1 , 2 5 , 2 6 , 3 0 ,  3 1 ) which have 

relative e ffic ienciffi ( Q )  less than unity , can be said to be relatively 

inefficient ( Q ) . As was mentioned in the previous section , there i s  

some tendency for the mos t  e fficient ( Q )  pathways , to  be the 

predominan t pathways in the actual economy . 

It  should be noted that these e ffi ciency ( Q )  calculations indicate 

wha t  primary energy source should be "mat ched" with what effective 

energy class ; from a relative efficiency ( Q )  point of view: 
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( 1 )  Hydro - >  Electrical Output , Efficiency ( Q )  = 1 . 4 502 

( 2 ) Oil - >  High Grade Transport , Efficiency ( Q )  = 1 . 3 1 04 

( 3 )  Gas -> Medium Grade Trans port , Efficiency ( Q )  = 1 . 2073 

( 4 )  Coal - >  Industrial Heat , Efficiency ( Q )  = 1 . 4 285 

( 5 ) Hydro - >  Water Heating , Efficiency ( Q )  = 1 . 24 58 

( 6 ) Hydro - >  Space Heating , Efficiency ( Q )  = 1 . 58 6 9  

( 7 ) Coal - >  Cooking , Efficiency ( Q ) = 1 . 3 549  

I t  should also be noted , that i t  is  not always the mos t  efficient ( Q )  

to "match" a low quality energy source , with a low qual ity end-use , 

which is  often implied in the li terature ( e . g .  Lovins , 1 977 ) .  Often , 

a high quali ty energy source can e fficiently be used for a low quality  

end-use , as long as the appropriate technology is  used . For example ,  

these resul t s  indicate hydro-electricity ( a  high quality energy source ) 

is the most efficient ( Q )  means of providing low grade heat for water 

and space heating , provided heat pump technology is use d .  Obviously , 

this would not be the case i f  resistance heaters were used as they have 

a lower thermal efficiency ( 1 00% ) than heat pumps (JL 200 -250% ) . I n  

addition , it should be noted , that the role of electricity i s  t o  

upgrade ambient temperature solar heat - this role can be fulfilled by  

providing only a small input of electricity because of its relatively 

high qual ity . 

These resul ts also indicate that low grade energy sources , can 

sometimes be relatively e fficiently ( Q )  converted to high grade energy 

sources , for relatively high grade end-uses . This is  the case in the 

conversion of coal to el ectricity ( pathway one ) , which has a relative 

e fficiency ( Q )  of 1 . 3287 . 

4 . 8  Central Hypo thesis : Relationship Between Qual ity o f  Inputs , 

Qual ity of Outputs and Enthalpic Efficiency 

These plots ( Figs 4 . 2  - 4 . 8 )  demons trate the relationship between  

three important variable s , implicit in the Central Hypothesis : 

( 1 )  Quality of Inputs ( IQ/I H ) , on the Y axis . 

( 2 )  Enthalpic Efficiency ( OH/IH ) ,  on the X axis . 

( 3 )  Quali ty of Outputs ( OQ/OH ) ,  gradient . 

Firstly , the plots demonstrate that there is  a statistical linear 

relationship between the quality o f  inputs ( IQ/IH)  and the e nthalpic 
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efficiency o f  the pathway . The higher the qual ity of  the inputs 

( IQ/IH ) , the higher the enthalpic efficiency ( OH/IH ) ,  of the pathway . 

Statistically , this relationship holds true ( i . e .  i s  s tatis tically  

significant ). T his holds true irrespective of  the actual inputs and 

outputs of the pathway ( i . e .  the independence assumption of regress ion 

analysis ) .  

Secondly , the plots demons trate that in a s tatistical sense each 

output has a fixed energy requirement ( in quality equivalent terms ) .  

If  this relationship was pe rfect , all points would fall  on the plotted 

lines . Again , this relationship is significant irrespec tive of the 

actual mix of inputs and outputs . 

4 . 9  Linear Programming Extens ions 

4 . 9 . 1  Introduc tion 

The data matrix used in the mul tiple linear regression analys is , 

can form the bas is of some linear programming ( optimisation ) runs . 

Some preliminary runs us ing the data matrix for the New Zealand Economy 

( 1 9 7 6 )  are included here . The quality coefficients ( n 1 ( m2 ) )  derived 

from the " efficient" economy regression model , were used as they were 

considered to best reflect the long-run qual ity coefficients of the 

economy . If  necessary , pathways from the "efficient" economy 

regression model , could be included in these linear programming runs . 

However ,  in this case it was somewhat subjective ly assumed that it was 

unlikely that many of these pathways could "realis tically" be expected 

to be options in the New Zealand situation . 

4 . 9 . 2  Formulation of the model 

4 . 9 . 2 . 1 Notations 

For convenience and ease of reference the same notations as used 

in the regression model are used here . 

4 . 9 . 2 . 2  Objective function ( s )  

The objective function ( f ( x ) ) for Run 1 was t o  minimise the s um of  



the quality 

/' " - 1 

Z 
1-

q ·  
= . . 1 1=] 

e quivalents of  the £i
.
=1

. n 1 (x i ) . + 1=] 1 

8 0  
primary energy inputs : 

. . . . . . + � i = 1  . .  n ( x  ) . 1=J n n 1 

The quality e quivalents were measured in terms of  hydro-electricity  

equivalents ( n1 ( mz ) ) .  

The objective function ( f ( x ) ) for Run 2 was to minimise the s um of 

quality equivalents of  the "non-renewable"  primary energy inputs ( Coal , 

Gas , Oil ) :  

4 . 9 . 2 . 3  Constraints 

Fundamentally , in models such as this , there are s upply-side and 

demand-side constraints : 

( 1 )  Supply-Side Cons traints 

For " re newable" resources or " flow" resources , there is an upper 

limit on  the rate of flow per given time period . For e xampl e , with 

hydro-electricity there is an upper physical limit to the amount of 

e lectricity that can b e  generated per year - this lim i t  i s  o bviously 

defined by the nature of  our river and lake sys tems , the flow of  water  

through these systems and our  technical ability to utilize that flow . 

The Ministry of  Energy ( 1 9 8 1 ) ,  e stimate this limit to b e  1 55 PJ/yr . 

However ,  in these runs a generating capacity of 7 1  PJ/yr was used a s  

the upper limi t , as this figure represented the present generating 

capacity - that is : 

( 4 .  1 )  

(4 . 2 )  

£i= 1 . . ( x1 ) � 7 1 . 0 1=] i 
( 4 . 3)  
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Similarly a n  upper const raint can b e  placed o n  the amount o f  wood 

residues available 

1 5 . 0  

This figure was obtained from a s tudy undertaken by Patterson ( 1 979 ) .  

For "non-renewabl e "  or " s tock" resources , specifying flow rates 

per time uni t , implies a whole set of economic and ultimately 

philosophical problems about appropriate resource depletion rates . A s  

this " resolution" was considered outside the scope of this thesis , the  

specification of such flow rates ( upper limits ) on the  use  of  

" non-renewable" resources was not  considered here . Howeve r ,  it  should 

be noted that in Linear Programming studies , e conomis t s  tend to use the 

" target year approach" , to " overcome" this problem . 

A specification and use of only two supply side constraints  is 

obviously very rudimentary . A more sophisti cated approach should 

involve the use of a wide range of social , economic ,  enviromental , 

technical and phys ical constraints which limit the supply of primary 

energy sources . I t  should be noted that these constraints  are often 

interrelated , and as long as these interrelationships can be 

quantified , they can be specified in the model . A post-op timal 

analysis should also be undertaken so as to explore the e ffect of 

varying the constraints . 

( 2 )  Demand-Side Constraints 

There i s  an obvious demand for a certain amount of e ffective 

energy for each of the end-use classes , used in the regression model . 

Thes e  are specified by the following constraints : 

i i = 1  i =j (Y l l( 34 .96  ( 4  . 5) 
z:i = l  

i=j (Y·? )( 25 . 70 ( 4 .6)  
£i=1  

i=j (Y 3 )( 0 . 0 5  ( 4 .  7) 
�i = l  i=j (Y• )t 60 . 90 ( 4 .8 )  
�i = 1  

i =/Y s>r 1 2 . 5 1  ( 4 .9 )  
� i=1  i =j (Y&)t 2 1 . 25 ( 4 . 10) 

� i= 1  
i =j (Y , )t 1 . 84 ( 4 . 1 1) 

( 4  . 4) 
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Consumer accep tability constraints could be super- imposed on these 

constraints . For e xample , i t  could be a rgued that using coal for s pa c e  

heating or  even cooking , although technically possible , i s  unacceptable 

to most consumers because of inconvenience factors . 

4 . 9 . 3  Some prel iminary results  

4 . 9 . 3 . 1 Run 1 ( Minimisation of  I Q )  

A s  is  indicated b y  Table 4 . 7 ,  the optimal solution for thi s run i s  

1 88 . 0 6 n 1 ( m2 )  which compares with the actual energy use of 2 5 5 . 50 n 1 ( m2 ) . 

) .  This is  primarily achieved by using coal for all industrial heating 

and for all s pace heating , instead of the actually used fuels . 

Consequently , the use of coal is 1 55 PJ/yr in the optimal solution , 

compared with the actual usage of only 7 5  PJ/yr . The usage of all 

other primary energy source s  i s  less in the optimal solution , than was 

actually the case in 1 97 6 .  Hydro-electricity is the preferred primary 

energy source , for electrical output and for cooking . Gas is the 

preferred primary energy source for water heating . The model ' s  

formulation allowed oil to be the only primary energy source for high 

grade trans port and gas to be the only primary energy source for medium 

grade transport . 

It should be noted that none of the supply cons traints was reached 

in the optimal solution , so the model simply "chose" the most efficient 

( Q )  pathway , for supplying each e ffective demand class . 

4 . 9 . 3 . 2  Run 2 ( Minimisation of IQ - non-renewable ) 

As is indicated by Table 4 . 8 ,  the optimal solution for run 2 was 

1 52 . 76 n 1 (�2 ) which compares wi th 1 1 9 . 33 n 1 ( m2 ) for the actual economy . 

In this model both the supply constraints ( i . e .  on hydro-ele ctricity 

and wood ) were reached , therefore it  is no longer simply a mat ter of 

" choosing" the mos t  effi cient ( Q )  pathway . The hydro-electricity 

" quota" supplies  all of the electrical output ( 34 . 96 PJ/yr ) ,  all o f  

cooking demand ( 1 . 84 PJ/yr ) ,  all of the wate r heating demand ( 1 2 . 5 1  

PJ/yr ) ,  and a very smal l  portion of the space heating d emand ( 0 . 6 5  

PJ/yr ) .  The wood " quota" i s  entirely used for supplying a small 

portion of the industrial heat d emand ( 4 . 9 5 PJ/yr ) .  The rest  of the 

the 
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Tabl e  4 . 71: So l ut i o n  of  L i near P rogrammi ng Run 1 ( M i n i mi sati on of IQJ 

Obj ecti on Functi on ( n 1 ( m2 ) )  

Acti vi ty of Rows ( PJ )  
x 1 , Hydro 
x2 , O i  1 
x3 , Gas 

x4 , Coal  

x5 , Wood 

v 1 , E l ectri cal  Ou tput 

L: X  

Y2 , H i gh Grade Trans port 
Y3 , Med i um Grade Tran sport 
Y4 , I ndustri a l  Hea t 
Y5 , Wa te r  Hea t i n g  
Y6 , Space Heati n g  

v7 , Coo k i ng 

Acti v i ty of  Co l umns ( Pathways ) 
4 .  Hydro � El ectri ca l  Output 
5 .  O i l 1 H i gh Grade Transport 

6 .  Gas � Med i um Grade Transport 
7 .  Coa l � I ndus tri a l  Heat 

19 . Gas � Water Heati n g  
20 . Coa l � Space Heati n g  
3 1 . Hydro i Coo k i n g  

Opt ima l  So l ut i on 

1 88 . 06 

55 . 98 
29 . 55 

1 55 . 25  
1 55 . 00 

0 . 00 
395 . 78 

34 . 96 
2 5 . 70 

0 . 05  
60 . 90 
12 . 5 1  
2 1 . 25 

1 . 84 
1 57 . 2 1 

34 . 96 
2 5 . 70 

0 . 05  
60 . 90 
12 . 5 1 
2 1 . 25 

1 . 84 

Actua l  ( 1982 ) 

2 55 . 5  

70 . 97 
44 . 12 

226 . 41 
75 . 14 

9 . 44 
426 . 08 

34 . 96 
25 . 70 

0 . 05 
60 . 90 
12 . 5 1 
2 1 . 25 

1 . 84 
1 57 . 2 1  

27 . 51 
2 5 . 70 

0 . 05 
18 . 80 

0 . 48 
2 . 63 
1 . 33  
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Tab l e 4 . 8 :  Sol uti o n  of L i near P rogrammi ng Run 2 ( M i n i mi sati on of  I Q ­

non - renewabl e )  

Obj ecti ve Funct ion  ( n 1 ( m2 ) )  

Acti v i ty of  Rows ( PJ )  

x 1 , Hydro 
x2 , O i  1 
x3 , Gas 
x4 , Coal  

x5 , Wood 
2:X 

v1 , E l ectri ca l  Ou tpu t 

v2 , H i gh  Grade Trans port 
v3 , Med i um Grade Trans po rt 
v4 , I ndus tri a l  Heat 
v5 , Wate r Heati n g  
v6 , Space Hea ti n g  
v7 , Cooki ng 

Acti vi ty of Col umn ( Pathways ) 

4 .  Hyd ro j E l ectri ca l Output 
5 .  O i l 1 H i gh Grade Transpo rt 

6 .  Gas 1 Medi um Grade Tran sport 
7 .  Coal  � I ndustri a l  Heat 
1 0 .  Wood 7 I ndustri al  Heat 
15 . Hydro 7 Wate r Heati ng  
20 . Coal  � S pace Heati n g  

27 . Hyd ro � Space Heati ng 
3 1 . Hydro 7 Coo k i ng 

Opt ima l  So l ut i o n  

1 19 . 33 

7 1 . 00 
7 . 24 

1 56 . 95 
146 . 84 

1 5 . 00 

397 . 03 
34 . 96 
25 . 70 

0 . 05 
60 . 90 
1 2 . 5 1 
2 1 . 25 

1 . 84 
1 57 . 2 1 

34 . 96 
2 5 . 70 

0 . 05 

55 . 94 

4 . 95 
12 . 5 1 

20 . 60 
0 . 65  
1 . 84 

Actual  ( 1982 ) 

152 . 76 

70 . 97 
44 . 1 2 

226 . 4 1  
75 . 14  

9 . 44 
426 . 08 

34 . 96 
25 . 70 

0 . 05 
60 . 90 
1 2 . 5 1  
2 1 . 2 5 

1 . 84 
1 57 . 2 1 

27 . 5 1 
25 . 70 

0 . 0 5  

18 . 80 
1 .  74  
9 . 47 
0 . 48 

7 . 24 
1 . 33 
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industrial he at  demand ( 5 5 . 94 PJ/yr ) and the  spac e heating demand 

( 20 . 60 PJ/yr ) is s upplied by coal . Oil and Gas respectively suppl y  the 

high grade and medium grade transport , which is  the only " cho ice" 

available in this model ' s  formulation . 

4 . 9 . 4  Some Improvements and Extensions 

The following improvements and extensions of these very 

rud imentary models are suggested . 

4 . 9 . 4 . 1 Objectives 

Energy policy formulation and planning should obviously be 

mul ti-objec tive , as  i s  evidenced by the policy s tatements in the 

Minis try of  Energy ( 1 9 8 0 ,  1 98 1 b )  Energy Plans . No one objective s hould 

override all other objec tives , as society has many di ffe ring needs and 

values which are required to be ful filled . Howeve r ,  despite this 

almost truis tic statement ,  energy op timisation models  and indeed many 

economic planning models , are pre-dominately single-objective - in the 

case of ene rgy models they are usually cost minimis ing formulations 

( e . g .  Smith , 1 978 ) . 

There fore , a more sophisticated formulation of  these models , 

should attempt to take accoun t  of these multi-objective s . There i s  a 

diverse literature on various mul ti-objective and goal programming 

approaches ( e . g . Le e , 1 9 72 ) .  I t  is also considered useful , to 

"experiment" wi th di ffering objectives of different  weightings , so a s  

t o  explore the possibilities for pol icy formulation . This is 

especially important when there is  a high d egree of  unc ertainty 

associated with the relative importance of  various policy objectives . 

4 . 9 . 4 . 2  Constraint s  

As has been mentioned previously , there are many more cons traints 

that coul d be added to these model formulations . Es sentially , these 

are ene rgeti c  optimisation models , so therefore e co nomic , social and 

enviromental cons traints have not been superimposed on  thes e  model s .  

However ,  without mentioning them , the possibilities are almost  endles s .  

Greater emphasi s  could be placed on the supply - side const raint s , 

in conjunction with less  emphasis on the d emand- s id e  cons t raints , which 
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is  usually  t h e  case in energy optimisation modelling . That is , the 

optimal demand s tructure of  the economy could be determined given a s et 

of energy supply const rain t s .  I ns tead the opposite i s  usually the case 

in energy modelling . This could indicate the " best"  economi c  

s tructure , for our given s e t  of  primary energy resources . 

4 . 9 . 4 . 3  Substitution Possibilities and Interdependence Equations 

Essentiall y  these models are formulated so that there are a given 

number of independent pathways , linking a primary energy source with a n  

effective output class ( these pathways are formulated a s  being 

independen t , because this is an assumption used in regression 

modelling , from which the problem matrix was derived ) .  However , in 

reality there are many possibilities for substitution between  different 

energy forms ; and often the leve l of supply or use of  one energy form 

is  dependent on the l evel of supply or use of  another energy form . 

Equations allowing for and describing these possibilities should be 

included in the model formulation . 

4 . 9 . 4 . 4  Inclusion of  Future Supply and Use Options 

These model s  only included ac tual supply-use pathways , whereas 

there are many other possible supply options and some other possible 

use options ( e . g .  refer to table 4 . 1 ) .  These future supply and use 

options should be included in the model formul ation . 

4 . 9 . 4 . 5  Post-Optimal Sens itivity Analysis 

This is  a most important , but often neglected , element of  linear 

programming , as it helps the analyst unders tand the " dynamics" of  the 

system being modelled . This i s  particularly important when modell ing 

in public policy areas , where there is much uncertainty about policy 

goals and the e ffects they may have . 
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5 DISCUSSION 

5 . 1 Uses and Applications of  Data Derived from the Modelling 

Procedure 

Essentially , the quality coefficients derived from the modelling 

procedure , enable energy to be expressed in  terms of common quality 

units ( qual ity equivalents ) .  This should in turn provide a means of 

overcoming the "energy quality" problem , which has previously hindered 

EA applications and uses , and h indered its acceptance as an acceptable 

evalua tive procedure . In add ition , the use of  quality equivalents 

de rived from the modelling procedure , can be of  as sistance in 

technology and process  efficiency assessment , in end-use matching of  

energy sources to  uses , in policy-making and formulation , and can  be of  

assis tance in improving energy statistics . 

5 . 1 . 1  Net Ene rgy Analysis 

In Net Energy Analysis , Net Energy Ratios ( N . E . R . ) are frequently 

used to asses s  the efficiency of  net energy production . The N . E . R .  i s  

s imply the system ' s  output ( 6H ) , d ivided by t h e  system ' s  input ( 6H ) . 

Similarly , the Net Energy Yield ( N . E . Y . ) ,  which i s  the system ' s  output 

(6H ) minus the system ' s  input ( 6H ) , is frequently used to assess the 

amount of net energy yield . 

Net Energy Ratios can be misleading because the inputs and outputs 

of  the industry or sys tem are of d iffering qualities . For example , 

with many biomas s  energy production systems the energy inputs a re h igh 

quality energy resources ( particularly electricity ) and the outputs are 

only medium quality energy resources . This was found to be the case 

with wood gas ification and catalysis to me thanol ( Earl , 1 9 7 8 ) , and the 

production of  biogas from wastes ( Slesser and Lewi s , 1 97 9 ) .  Therefore , 

particularly in countries such as  New Zealand , where mos t  

consumer-level electricity c a n  n o t  b e  converted back t o  fossil  fuel 

energy units , this leads to inflated Net Energy Ratios when 

conventional enthalpy uni t s  (6H )  are used in the calculation . In fact , 

by converting all inputs and output s  to common quality e quivalent s  this 

means that some systems actually produce no  net  energy , and therefore 
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they are n o t  viable as energy producing systems . 

The opposite i s  the case in  the estimation of  Net Energy Yields of 

nuclear power stations where the main output i s  a high quality energy 

resource ( electricity ) j and the main inputs  are medi um quality energy 

resources ( fossil fue l s ) ( Chapman , 1 97 5 ) . That is , in this case if the  

N et  Energy Ratio i s  expressed in conventional enthalpy units ( 6H ) , i t  

is  deflated . This i s  because no weight i s  given to the fact that a 

high quality energy resource ( electricity ) is  produced from lower 

quality energy resources ( fossil fuels ) .  Therefore , in  cases like 

these the use of quali ty coefficients to conver t  all inputs and outputs 

to quali ty equivalent terms , should add more weight to the  Net  Energy 

concept in technology evaluation and assessment . 

5 . 1 . 2 Technology and Process  Assessment and End-Use Matching 

The use of data derived from the modelling procedure and the 

direct use of the modell ing procedure , can be used to assess different 

process technologie s  and assist in end-use matching of energy sources 

and uses . The use of such data in Net Energy Analysis , in assessing 

energy supply technologies , was discussed in the foregoing section 

( sec tion 5 . 1 . 1 ) .  

Examination of  the residual s , and o ther pos t-analysis 

calculations , indicated some primary energy sources had the ability to 

be converted to effective energy outputs , more efficiently than others 

( given the assumed technologies ) .  That is , more efficiently in quality 

equivalent terms . For e xample , hydro-electricity was found to be the 

most efficient ( 1 . 45 )  means of generating electricity ( refer to Table 

4 . 6 ) . Thi s  was compared wi th lesser relative efficiencies for coal 

( 1 . 3 3 ) , oil ( 0 . 87 ), wood ( 0 . 84 )  and gas ( 0 . 83 ) , for generating 

electricity . By e xamining the enthalpic efficiencies ( 6H ) , i t  would 

not be evident that coal was the second most efficient means of  

generating electricity . The data included in Table 4 . 6 ,  indicates that 

oil and gas , are more e fficiently used for providing energy for 

transport . 

The data derived from the modelling procedure , i s  particularly 
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useful for comparing t h e  energy efficiency , of  technologie s  which 

produce the same output or  meet the same demand requirement , but 

utilize different primary energy sources . For example ,  previously 

comparing using wood for providing space heating , with 

hydro-generated electricity via a heat pump , was plagued with the 

methodological problem of energy quality . Essentially , the two 

processes used different source s  of energy of different grades or 

quality . However ,  now, by using the qual ity coefficients , the two 

sources can be converted to quality equivalents and be directly 

compared . Also , this procedure overcomes the problem of dealing with 

mul tiple inputs of  energy all of different qualities ( which is  usually  

the case in most real situations ) .  

5 . 1 . 3  Policy - Making and Formulation 

Energy planners and policy-makers , often use terms such as " l ow" 

energy options , or  energy " efficient" options . For example ,  it  i s  a 

stated policy objective of New Zealand energy planners to "ensure that 

energy is used e fficiently" ( Ministry of Energy , 1 979 ) .  However ,  these 

terms "low" and " efficient" have rather nebulous and obscure meanings -

it cannot be taken that the energy planners mean "most efficient" in 

enthalpy terms , because it logically follows that the whole country 

would be running on hydro-electricity . 

Obviously , by us ing some measurement , such as quality equivalents , 

which take into account the energy quality of di fferent primary source s  

of energy , the terms " energy e fficient" and "low energy" have more 

meaning in policy formulation . I f  quality equivalents , are to be used 

in policy formulation , some thought should be given to the time hori zon 

of the plans or s trategi es involved . As is  discussed in sec tion 3 � 9 . 2 . 2 , if 

the plan has a long time horizon , long- run quality coefficients which 

reflect thermodynamic l imits should be used . 

In conjunction with any such policy making , optimisation modelling 

techniques , can form a useful bas is to formulating short or long term 

policies or scenarios . As a first approximation the same data matrix 

used for the  regress ion analys i s , can be  used ( refer to sec tion 4 . 9  for a 

Linear Programming example of this application ) .  
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5 . 1 . 4 Energy Sta tist i c s  

Most official energy statistics a r e  couched in enthalpy ( � ) 
terms ; with a few countries using Fossil Fuel Equivalents to  take 

account of the different  qual i ties of different forms of energy , 

particularly hydro-electricity as  opposed to fuel generated 

electricity . For e xample , the O . E . C . D .  Energy Balances ( 1 9 73 - 1 979 ) , 

us� oil equival en t s ; and the New Zealand Minis try of  Energy ( 1 9 8 1 ) used 

coal equivalents on one occasion , in their publication " Energy Planning 

' 8 1 " .  

The use and publication of  such s tatistics , can lead to serious 

mistakes in planning e specially when the planners are not well-versed 

in energetics and thermodynamics ; and can present misleading 

information to the public and other agencies which have some intere s t  

i n  energy matters . For example ,  two completely different pictures 

emerge of energy use in New Zealand , when energy is measured in 

enthalpy ( 6B ) ,  and quality equivalent terms ( refer  to Table 5 . 1 ) . 

Therefore , i t  i s  suggested that energy statistic s ,  be presented in 

both enthalpy (6 H )  and quality e quivalent terms . The use of Fos sil 

Fuel Equivalent s , as di scussed in section 2 . 1 . 2 ,  i s  not considered to 

be adequate , parti cularly when i t  is  only used to account for 

hydro-electricity alone . 

There i s  a problem inherent in the use of quality equivalents , and 

that is that they are only applicable to a given e conomy with its given 

mix of technologies . Therefore , as an economy changes so wi ll its 

quality equivalents , and i t  is also dificul t to compare a qual ity 

equivalent from one country to anothe r .  However ,  if long-run 

coefficients are used ( which refl e c t  thermodynamic limits ) ,  this 

problem should largely be resolved , although the di fferent structural 

nature of different e conomies may marginally affe c t  the quality 

coefficients between countries . 

5 . 2  Possible Extensions of the Modell ing Procedure Relevant  to 

Energy Analysis and Theories of  Production 

One of the major l imitations and points of  cri ti cism of the 



92 

Tab l e 5 . 1 : Compari s on of  Energy Consumpti on Stati st i c s  for New Zea l and  
( 1981 ) , Expressed i n  Enthal py and Qual i ty Equ i va l ents Term s  

··-

Entha l py (dH ) Qu a l i ty Equ i val ents ( n1 ( m2 ) )  
( PJ )  ( % )  ( PJ . Q ) 

Pr imary Energy I nput  
Hydro-el ectri c i ty 74 1 9  74 
Natu ral gas 46 1 2  24 
Oi l 1 95  49 95 
Coal  70 1 8  1 9  
Wood 1 0  3 2 

TOTALS 395  1 00 2 14 

Tota l s may not add u p , becau se  of round i ngs . 

Data sou rce s : 

( a )  Department of Stati s ti cs  ( 1982 ) , "New Zeal and Yearbook 1 982 " 
( b )  Patters on  ( 1 97 9 ) . 

( % )  

3 5  
1 1  
44 

9 
1 

lOO 
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conventions e s tabl i shed b y  t h e  I . F . I . A . S ,  and EA� based on these 

conventions , i s  that not all energy resources ( particulary solar ) and 

labour inputs are taken into account . Thi s  approach has tended to  take 

accoun t  of  high qual ity renewable energy resources , and neglect l ower 

quality renewable energy resources . This  approach is to  some extent 

justifiable in mode rn economies where such inputs arEl no l onge r 

significant in terms of sustaining high l evels of  �economic growth . 

However ,  these inputs can be critical , particularly in less developed 

economies with less  energy intensive systems , or in more d eveloped 

countries such as New Zealand which depends to  a large extent on 

renewable energy resources ( hydro-electricity and solar energy via 

agricultural and forestry systems ) for its  high level of  economic 

growth . In such circums tances i t  could be considered appropriate to 

include renewable energy resources as x variables in the regres s ion 

model . 

Coefficients for labour inputs could be expressed in terms o f  

man-years per e ffective ene rgy output . I n  effect ,  these would be an 

expression of the energy equivalents of l abour , such as those implicit 

in data presented by Steinhart and Steinhart ( Fig 9 ,  1 975 ) , De Wit 

( 1 9 7 5 )  and Echiburu ( 1 9 77 ) .  In a similar fashion , a coefficient for 

land inputs could also be determined , so that the energy equivalent of  

land could al s o  be used . This approach could be particularly useful in 

s tudying agricultural , horticul tural and forestry systems , whe re land 

is an important input into the production process . Leach ( 1 97 6 )  has , 

in effect , used this approach in his study of  "Energy in Food 

Production" ( refer to  Fig 1 3 ) . Here , Energy (GJ ) was plotted agains t 

Land ( ha ) , for various production options for producing 1 000  gallons of 

mi l k ,  and the resulting gradient of  line was determined to be 24 GJ/ha . 

Presumably , Leach ( 1 9 7 6 )  " fit ted" the line by sight , bu t obviously the 

correct mathematical method is "least- squares" ( regression ) fitting . 

I t  is also useful to note that Leach ( 1 97 6 ) , considers there to  be 

three " fundamental"  resources , which all resources "reduce back to" : 

Energy , Labour and Land . Regression analys is , could well  provide a 

focus for integrating this concept on a more rigorous mathematical 

bas is . It should be noted , that although trade-offs or substitu tion 

are possible between these resources , none of them is absolutely 

substitutable for the othe r ,  and this could lead to difficul ties in 
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proposed " Theory of  Value " or " Theories of  Production" based on this 

precept . I t  i s  also interesting to note , that the concept of  "qual i ty" 

applies t o  all three of  these resources : quality of land ( as indicated  

by different land classes ) ,  quality of  labour ( unskilled through to 

skilled ) ,  and energy quality ( as discussed in the foregoing sections ) .  

5 . 3  Evaluation of  the Modelling Procedure for Solving the Energy 

Quality Probl em 

Generally , the two applications of  the modelling procedure , which 

are detailed in Chapters 3 and  4 ,  were succ essful . The modelling 

procedure was flexible - that i s , i t  was generally found not to be 

critical wha t  variable was used as the equivalencing uni t . 

Statistically significant resul t s  were obtained in all cases , and the 

s tandardised coefficients for all cases were very similar . 

Furthermore , the resul ts made good technical and physical sense . 

Hydro-electricity was always found t o  b e  the highest qual ity energy 

source , followed by gas , oil , coal , and then wood . There was more 

variation in the ranking of the energy use s . However , generally 

cooking , high grade transport and medium grade transport were found to 

be the highest  quality end-uses , followed by electrical output , and 

then by spac� water and industri al heating . 

The modelling procedure can be applied , to any sys tem or economy , 

where the outputs are linearly proportional to the inputs . This i s  the 

case in almos t  all systems and e conomies , and in cases where the 

relationship is  not l inear , non-l inear regress ion should be used . The 

essential problem is  to iden tify a classification of inputs and 

outputs , that resul ts in a data matrix which best " fits"  the general 

equation . This can often be an instructive process as i t  can provide 

insight into the physical and technical reasons why inputs and outputs 

should best be classified in a particular way . 

Besides providing a means of  quantitatively assessing the quality 

of inputs and outputs , the modell ing procedure directly provides 

information into the relative e fficiency of  the pathways whi ch make up 

the model . This can assist  in  technology and process assessmen t ,  and 

in end-use matching of  energy sources and uses . The modelling 

procedure also has an indirect benefit in providing data , which can 
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solve some of the methodological problems encountered in net energ y  

analysis , compilation of  energy statistic s , and i n  energy pol icy 

formulation . 

However ,  probably mos t  importantly the methodology provides a 

conceptual framework , with a concomitant mathematical basis , for 

simul taneously explaining e nergy quality . In this way the concept s  o f  

energy quality o r  grade o f  sources and uses , which have been widel y  

referred t o  o n  a more conceptual level i n  the literat ure , can b e  given 

a more precise mathematically based meaning . This has led to providing 

a means of resolving the " energy quality problem" , as well as provid ing 

a wider cons truct for the concept of energy qual ity . 

The main weaknes s  o f  the technique , is  that the quality 

coefficients are dependent , at  least to a small extent , on the 

we ightings placed on the pathways ( or the implied structure of the 

economy) . This means that the quality coefficient s  will change to  some 

extent , as the structural nature of the e conomy changes over time . 

This also means that quality coefficient s , between countries or 

systems , cannot always be interchangeable and comparable in their use , 

particularly when the sys tems or economie s  are signi ficantly 

s tructurally different . 

A fundamental weaknes s  of the technique is that it  is  es sen tially 

empirical rather than theoretical in its approach .  The observation was 

made that all inputs ( 6H )  and outputs ( 6H )  of known energy systems , 

appeared to be conve r tible to common energy units  ( quali ty 

equivalents ) .  A general equation was d erived expres s ing this 

hypothesis . The general equation was s tatistically tested using d ata 

from two cases ( N . Z .  Economy 1 97 6 ,  Efficient N . Z .  Economy ) ,  and found 

to be an empirically correc t  observation within fairly accurate 

s tatis tical limits .  Attempts could be made to  e s tablish a theoretical 

basis  for this equation , based on thermodynamics , i f  extensive tes ting 

found it  to be valid in all cases . However ,  because of  the 

uncertainties and lack of defini tion associated with systems whi c h  the 

equation could be applied to ( e . g .  national economic systems ) ,  i t  

seems t o  b e  e xtremely unl ikely that such a ttempts a t  theoretical 

abstraction would be suc c esful . 
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Nevertheless , more thermodynamic rigour could b e  introduc�d by 

linking each primary energy source to an effective energy outpu t , by 

using the most energy e fficient means as  defined by thermodynamic 

limits ( refer to  section 3 . 9 . 2 ) . This woul d mean that all models had 

the same basis , unlike the models  used i n  Chapters 3 and 4 ,  which 

assumed certain technologies - this approach would be independent of  

assuming tec hnologies and  only dependent on thermodynamic limits� 

However , i t  should be noted that this approach assumes infinitely slow 

reversible processes . In addition , the determination of  these 

" thermodynamically efficient"  pathways is far more difficul t and time 

consuming , than using empirical data . 

In conclusion , i t  i s  considered that the modelling procedure , 

provided a flexible and widely applicable method for resolving the 

" energy quality problem" , as well as providing a broader conceptual 

framework for the concept of energy quality . The major limitation o f  

the method i s  tha t , i t  appears t o  b e  dependent , usually to  only a smal l  

extent , o n  the s tructure o f  the system or economy being examined . 

5 . 4  Further Uses  of R egression Analysi s  i n  Energy Analys is  

Regression analysis potentially provides a means of solving , a t  

least elements o f ,  three main methodological problems facing EA - that 

is : 

( 1 )  Partitioning Problem As discussed in Chapte r regression 

analysis has provided a use ful tool for overcoming partitioning 

problems when the outputs ( independent variables ) are no t proportional 

to each other ( Cleland , Earle and Boag , 1 9 8 1 ; Rao e t  al ; , 1 98 1 ; 

Jacobs , 1 98 1 ) .  The problem becomes confounded and essentially 

unsolvable when the outputs are proportional to each o the r .  Regre s s ion 

analysis  was successfully used in this manner by the author ( Patterson 

and Earle , 1 982a) , to e s timate energy intensities (MJ/Kg ) of various 

cooking modes , in the Catering Industry . 

( 2 )  Boundary Problem As i s  discussed in section 5 . 2  labour could b e  

included in t h e  regression e quation , s o  that a n  energy equivalent o f  

labour could be determined . In fact , the assumption of  including or  

n ot  including l abour in the  systems boundary , could be tested by 

regression analys is , by tes ting whe ther the labour variable ( a  

dependent variable )  had a s tatisti cally significant effect on the 
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output of the  sys tem ( independent variable ) .  Incidentally , within such 

an analytical framework the effec t  of land on the systems output could 

also be tested - that is : 

y = aA + bB + cC + D 

Y = Output ( probably measured in $ )  

A = Energy Input ( energy equivalents ) 

B = Land Input ( land equivalents ) 

C = Labour Input ( labour e quivalents ) 

a = Energy c o e f f i c i e n t  ( $/energy equivalen ts ) 

b = Land Input ( $/land e quivalent ) 

c = Labour Input ( $/labour equivalent ) 

D = cons tant 

(5 . 1 )  

This leads to  a general criterion for resolving the Boundary Problem -

if a variable ( or factor ) does not have a significan t effec t on 

increasing the output of  a system , then there is  no reason for 

including it  within the sys tem boundary . This "causative " effec t  can 

be tested by regression analys is , or  any o ther appropriate technique . 

Unfortunately , the application of such a crite rion and tes ting procedure 

can often be cumbersome and tedious , and therefore outwe igh the value 

of undertaking such a procedure . In short , regression analys is  or  for 

that matter probably any o ther analyti cal procedure , provides no s imple 

answer to the boundary problem . 

( 3 )  Val ua tion Problem As is demons trated in the foregoing sections , 

regression analysis can provide a means of  resolving the " energy 

quality" problem associated with EA , but i t  does no t resolve the 

valuation problem in its  entirety . Fundamentally , the technique d oes 

equate different forms of energy in term s  o f  their differing qual i ties , 

but not in terms of  their o ther characteri s tic s . Mos t  importantl y ,  the 

technique does not enable the equivalenc ing of "non-renewable" with 

"renewabl e "  energy resources ;  or more correctly energy sources with a 

high supply rate per uni t  o f  time ( renewable ) ,  compared with energy 
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sources with a low s upply rate per unit of  time ( non-renewable ) . 

Fundamentally , this i s  a problem which EA has in common wi th 

conventional Economics . 

In summary , regress ion analysis provides a means for equivalencing 

differing variables ( depe ndent variables ) , in te rms of an output 

variable ( independent variable ) .  This can provide a use ful tool in 

resolving some of the methodological problems inherent in EA . Problems 

result when variables cannot be equated , for analytical reasons or for 

more deep seated philosophical reasons . Moreove r ,  it  should be 

recognised that the abi l ity to e quate variables does not mean that 

variables can be completely subs ti tuted for each other . For example , 

Land can be equated with Energy in terms of some " Energy equ iva l ent  of  

La nd " , but Land is only subs titutable for Energy and vice versa in  

terms of a given range ( refer to De Wi t ,  1 975 ) . 

5 . 5  Conc l u s i ons 

The g eneral equa t i o n  o u t l i ned i n  c h a p t e r  2 ,  provide s  a conc e p t u a l  

f r amewor k  and a logic a l  b a s i s , f o r  r e s o lving and c la r i f ying t h e  ' ' energy 

qua l i t y "  prob lem , a s s o c i a t e d  wi t h  the appl i c a t io n  and u s e  o f  EA . The 

e qu a t io n  can be s o lved by r e g r e s s i o n  analys i s , yie lding s t a t i s t i c a l ly 

a c c ur a t e r e s u lt s . Reg r e s sion ana lys i s  c a n  a l s o  be u s ed t o  overc ome 

s ome of t he par t i t io ning and bo undary probl ems a l s o  a s s o c i a t ed wi t h  EA . 

This approach t o  r e s o lving t he " energy qua l i t y "  problem , has  some 

limi t a t ions r e la t ed i n  part t o  i t s  f u ndament a l ly empi r i c a l  r a t h e r  t han 

t heor e t i c a l  a pproac h . Neve r t h e le s s , t hi s  me t hod was f o und to be 

f l exible and ver s a t i l e , a s  i t  c a n  be applied t o  any sys t em or e c o nomy . 

Fur t hermo r e , d a t a  d e rvied f rom t hi s  proc edure c a n  b e  u se d  in a s s i s t ing 

energy planning and policy making , t e c hnology a s s e s sment , and wi l l  

direc t ly improve t he informa t iv e ne s s  o f  energy s t a t i s t ic s .  
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6 . 1 Introduction and Literat ure Review 

6 . 1 . 1  Previous Energy �nalyses of Food Supply 

Before the early 1 970 ' s ,  the study of the energy re quirements of 

food supply was mainly confined to the then growing discipl ine of 

Ecology , and mainly focused on "natural " food chains or we bs ( e . g .  

Lindeman , 1 9 42 ) .  The increased awareness of the population , food and 

resource depletion problems fac ing mankind , provided much of the 

impetus for the first ene rgy anal yses of man-modi fied food systems . 

Odum ( 1 97 1 )  made one of the earliest trans iti ons from Ecology to Energy 

Analysis , in his book enti tled "Environment , Power and Society" , whe re 

he analysed energy use in industrial food sys tems . Slesse r ( 1 97 3 ) , 

from a background of Chemical Enginee ring , also provided one of the 

earliest energy analyses of food supply sys tems , determining the energy 

requirements for a variety of agro-food produc ts . Othe r ma jor 

researchers who initiated research in this area included : Leach ( Leach 

and Slesse r ,  1 9 73 ) ,  Commoner et al . ( 1 974 ) , Pimentel et al . ( 1 9 7 3 ) , 

and Hirst ( 1 974 ) .  From about this time onwards ( 1 9 73-74 ) ,  literally 

thousands of research articles and books have covered energy analysis 

of food supply ( Dialog Literature Search , 1 9 84 ) . These s tudies vary in 

scale , from stud ies of  national food systems ( e . g .  United States Food 

System - Steinhart and Ste inhart , 1 974 ) , to sector level studies ( e . g .  

United Kingdom Fishing Industry - Edwardson , 1 975 ) , t o  the 

product/process level ( e . g .  energy use in various food processing 

operations - Singh , 1 978 ) .  

Energy Analyses of National Food Sys tems . 

Various studies ( Hirs t , 1 974 ; Steinha rt and S teinhart , 1 97 4 ; 

Boo z ,  Allen and Hamilton Inc . , 1 9 7 6 )  have e s timated the total energy 

requirements of the United States food sys tem . These es timates range 

from 1 2 %  ( Hirst , 1 97 4 )  to 1 7% ( Booz ,  Allen and Hami lton , 1 97 6 )  of the 

primary energy used in the United States economy . Similar es timates 

have been made for the Australian ( 1 8 . 9% ,  0. E. C . D .· , 1 982 ) , Swe dish 

( 1 2 . 2% ,  Ols son, 1 98 0 )  and United Kingdom ( 2 1 . 5% ,  O . E . C . D .  1 9 82 ) food 
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systems . A higher e s timate of  30% has been made for the New Zealand 

food system by Patterson and Earle ( 1 9 84 ) , due primarily to the greate r 

relatiye activity of  the agro-food sector in the New Zealand economy . 

Other less rigorous studies have been undertaken of othe r national food 

systems , includ ing those of Hong Kong ( Boyden et al . ,  1 982 ) and 

various O . E . C . D .  nations ( O . E . C . D . , 1 9 82 ) . All these analyses have 

revealed s imilar sec torial uses of  energy within the food sys tems 

( refer to Table 6 . 1 ) .  In  most cases , the greatest requirement for 

energy is in the final preparation and cooking of food s , followed by 

food process ing and produc tion , with only a relatively small amount of 

energy be ing required for trans port and dis tribution . The larges t 

indirect  energy requirement was found to be for packaging and for 

fertilizers . 

Energy Analyses of  Food Sectors . 

The literature on energy analyses of food sectors is  ve ry 

prolific , particularly on articles cove ring agricultural sectors and to 

a lesser e xtent articles covering the food processing sectors . For 

example , s tudies have covered energy analyses of potato production 

( Shyam and Nagaich , 1 982 ) , corn production ( Smil , 1 982 ) ,  beet-sugar 

production ( De partmen t  of Energy , 1 98 2 ) ; as well as broader stud i e s  of  

entire agricultural sectors in nations such as Pakis tan ( Jameel , 1 9 82 ) ,  

New Zealand ( McChesney e t  al . ,  1 9 82 ) ,  and the United States ( Enlow , 

1 982 ) - to c i te some e xamples from the most recent literature . 

Similarly , s tudies have covered energy analyses o f  food processing -

also to cite some e xamples from the most recent l iterature : dairy 

processing industry ( Vickers and Miller , 1 98 3 ) , poultry processing 

industry ( Combe s  and Boykin , 1 98 0 )  and meat processing ( Ferguson and 

Hendrickson , 1 979 ) . Relatively few s tudies have been undertaken o f  the 

other sectors of the food sys tem , despite the fact  that s tudies have 

indicated that these sectors ( particularly the household ) have 

considerable energy requirements . 

Energy Analyses at  the Product/Process Level . 

There i s  also a quite conside rable literature , focusing on this 

level of  analysis . Much data has been collecte d  in te rm s  of  energy 

requirements ( MJ )  per uni t mas s  or  per unit mas s  of  protein , or per 
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Tab l e  6 . 1 :  Energy Requi rements of  Sel ected Nat iona l  Food Sys tems 

Produ ct i on 

Proce s s i ng 

-- --- ·-- ·-____,....-...... ,� 

' 

D i s t ri but i o n  

Prepara t i o n  

____ _ ..., .,._.. 

% of Nat i onal  Pri mary 
Energy Requ i rements 

U n i ted States a Aus tra l i ab 
� -- - - -

17 . 6  28 . 9  

29 . 1  2 5 . 9  

1 5 . 8  10 . 4  

37 . 5  34 . 7  

17 . 0  18 . 9  

New Zea l andc 

27 . 8  

3 1 . 6  

17 . 9  

22 . 7  

30 . 0  

--------------�------------ -··-·······-····----------------- '---------------······-·-·-····-

Data Sources : 

a .  Booz , Al l en and Hami l to n  ( 1976 ) 
b .  O . E . C . D .  ( 1 982 ) for 1 976-77 

. d Sweden 

26 . 5  

33 . 3  

10 . 2  

29 . 9  

1 2 . 2  

c .  Patterson and Earl e ( 1984 ) , for 1980 -82 , i nc l udes s h opp i n g  for food i n  d i s tri buti on  
d .  O l s so n  ( 1980 ) 
e .  O . E . C . D .  ( 1982 ) , for 1978 . 

-

U n i ted Ki ngdom 

2 1 . 5  

3 1 . 2  

1 2 . 2  

35 . 0  

2 1 . 5  

e 

,_. 0 
,_. 
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uni t  of  metabolic energy ( MJ ) , for a particular process or food chain 

s tep . For example ,  Leach ( 1 9 7 6 )  has compiled such data for the United 

Kingdom situation , and Pimentel ( 1 98 0 )  has compiled such data for the 

United States situation . Such coefficients , are considered to be broad 

measures of  the e fficie ncies of  supply of  such products . Other s tudies 

have focused on the technical e fficienci� and engineering aspects  for 

various process  or design options - for exampl e , to cite a few e xamples  

from the  most recent l i te rature : advance d  gas-fired system in  

agricul ture ( Lowry and Brady , 1 983 ) ,  and irrigation te chnologies 

( Harrer and Wil fert , 1 9 83 ) .  

6 . 1 . 2 Previous Optimisati on Models  of  Food Supply-Use Studies 

Linear optimisation models ( Linear Programming ) have been 

relatively widely used to  solve food supply-use problems . These mod e l s  

have been used to solve : 

( 1 )  Nutrition Problems . An optimum least cost ( $ )  diet is  determined 

from a set of  foodstuffs , given a set of  nutritional cons traints . A 

Dialog literature ( 1 9 84 ) search has revealed that this has been a 

popular area of research , particularly wi th respect to developing 

nations . The first such model was constructed by Smith ( 1 9 59 ) ,  using 

572 foods tuffs and 1 2  nutritional cons traints . Other such s tudies u p  

until 1 9 74  were s�rnmarised b y  Edwardson ( 1 974 ) .  More recent studies 

have accomodated food pre fe rences , and va riety in diet , as we ll as 

overcoming the problem of oversupply of certain nut rients ( Anderson and 

Earle , 1 982 ) . 

( 2 )  Maximisation of Food Output . These models have been used to 

determine the maximum output from agro-food systems , usually having 

land areas available for production as a major set of cons traints . For 

example ,  Bernalhand and Ferenc zi ( 1 9 7 9 )  used such models to dete rmine a 

maximum op timum for the Hungarian agricultural system ; and Arora and 

Sharma ( 1 9 79 ) inves tigated increased agricultural production in Uttar 

Pradesh given a set of  land-use constraints . 

Only a few l inear programming models have been used to 

explore/solve food-energy problems . Penn and Irwin ( 1 977 ) investigated 

the impact  o f  various energy supply shortages on the Uni ted States food 

and fibre system , by using a l inear programming Input-Output model . 

Fluck ( 1 9 8 0 )  reported that R ehkugler ( 1 9 7 6 )  determined a minimum ene rgy 
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diet  given a s e t  of  1 0  nutritional requirements . Such a d i e t  consi s t e d  

mainly of  cereals and fresh vegetables , with less preference given t o  

dairy and meat produc ts . 

6 . 1 . 3 Crit i cal Revi ew of  Previous Studies 

6 . 1 . 3 . 1  Concepts of Energy Efficiency 

Concepts of "efficiency" are all pervas ive in the literature 

concerning ene rgy analysi s  of food suppl y .  Often the term "efficiency" 

is  used in a glib indeterminant fashion , al though the term has a 

precise mathematical meaning - that i s ,  i t  i s  a ratio of a s ingle 

output to a single input ( Pearson and Corbet , 1 9 8 0 ) . The mos t commonly 

used measures of  energy efficiency of  food supply are : 

( 1 )  E�H metaboli c  energy outputs / E� H primary energy inputs 

( commonly termed e ne rgy ratio ) .  

( 2 )  Emass outputs / E�H primary energy inputs 

( commonly termed energy productivity ) .  

( 3 )  Emass of  protein outputs / E�H primary energy input s . 

In addition , Rawi tscher and Mayer ( 1 9 77 , 1 97 9 ) have attempted to  relate 

various o ther nutritional outputs such as vitamins , to energy input s . 

As summarised by Fluck and Baird ( 1 980 ) these concepts of 

efficiency have many weaknesses . Firstly , these measures of energy 

efficiency enume rate energy in enthal py (�H ) terms , which takes no 

account of quality of energy inputs ( refer to Part A for a ful l 

discussion of this problem and a methodology for resolving this 

problem ) .  Secondl y ,  such measures of e fficiency ( as with all measures 

of efficiency ) only relate one single output to one single input . The 

human diet does not requi re solely a certain amount of metabolic  energy 

( as implied in 1 ) ,  or solely a certain mass of food ( as implied in 2 ) , 

or solely a c ertain mas s of  protein ( as implied in  3 ) . However ,  the 

human diet does collec tively require certain amounts  of me tabolic  

energy , protein , trace e l ements , vitamins and amino acids  - not  j us t  

one s ingle outpu t . Therefore , fundamentally , concepts of efficiency 

have little or no value in resolving energy- food-supply-use problems . 
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6 . 1 . 3 . 2  Concepts of Optimali ty 

The concept  o f  o p timality i s  more powerful than the concept of  

efficiency . Howeve r , i t  has  only been alluded to  in the  l i terature i n  

a very qualitative manner .  Optimality i s  defined as the " best"  or 

"most favourable" use of  a s e t  of resources given a set of constraints 

or requirements .  Within s uch a framework of "optimal ity" , Pearson and 

Corbet ( 1 980 ) ,  for e xampl e , discussed the so called economic and energy 

"efficiency" of New Zealand agriculture . Pearson and Corbet ( 1 9 8 0 )  

discussed achieving agricul tural policy objectives ( economic and 

energetic ) in terms of physical , social and e conomic cons traints . 

Fundamentally , howeve r ,  mos t food-supply-use problems , are more 

appropriately approached as " optimal i ty" rather than " e fficiency" 

problems . There i s  a l i te rature ( sec tion 6 . 1 . 2 )  which has explored 

such optimisation problems , in terms of the formalism of  Linear 

Programming and conventional e conomic wisdom . Howeve r ,  as yet 

( excepting Rehkugle r ,  1 97 6 )  such an approach has not been introduced 

into energy analysis in general or into energy analysis with respect to 

food supply-use problems . 

6 . 1 . 3 . 3  Numeraire and Energy Analysis 

It has been widely argued that " energy" is a more fundamen tal unit 

of account than "money" ( Slesse r ,  1 973 ; Odum and Odum , 1 976 ) .  This 

point has been particularly s trongly argued in the energy-food 

literature ( for e xample , Ashby , 1 97 6 ;  in his forward to the seminal 

collection of works in Duckham �al .  1 9 76 ) . The basic tenents of  this 

argumen t  are : 

( 1 )  That energy is considered to be the primary resource that "drive s "  

all economic and natural systems . 

( 2 )  That energy resources unl ike material resources are absolutely 

depletable , due to  the Second Law of The rmodynamics . Energy quality i s  

always degraded , when e ne rgy i s  "used" . Whereas , material resources 

can always be manufactured , recycled or reused out of used or  virgin 

materials , by using more energy . 

Hence , the author acknowledges that energy is the primary physical 

resource that underpins e conomic growth , and therefore is often an 
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appropriate numeraire in macro-level s tudies . However ,  the critical 

nature of material , land and labour resources and the ir 

inter-relationships wi th energy should be taken into accoun t :  

( 1 )  Material resources are reducib le t o  energy units . However ,  over 

time increasingly more energy i s  re quired to s upply material resources 

as lower grades of  ore are used , until a base leve l  is  approached 

( refer  to Fig . 6 . 1 ) .  This o ften critical factor should , whenever 

possible , be incorporated into Energy Analyses .  

( 2 )  Land resources are finite and constant over time given susta inable 

cultivation practices and geological s tability , and are only dependent 

on inputs of energy over geological time periods .  

( 3 )  Labour resources are cons tant over time assuming demographic 

s tabil ity ; but do depend on indirect  inputs of  energy for food , 

shelter , clothing and other material comforts which sustain a 

particular s tandard o f  l iving . 

I t  should also be recognised that there is a critical 

relationship between time and these fundamental resources . The 

production rate of  a process or  system can be increased , by inputs  of 

one or more of these fundamental resources . This is  the case in modern 

agriculture , where to meet the food demands given a limited amount of  

land and usually labour , the  production rate i s  increased by grea ter  

inputs of  material and energy resource s . Whereas in 1natural ' 

agro-ecosystems the produc tion rate is much slowe r  be ing not dependent 

on large amounts of e ssentially fossil fue l s . Many o f  the o ther 

trade-offs betwee n  time and ene rgy are outlined by Slesser ( 1 9 78 ) .  

In the pas t , mos t  often land and labour resources have been 

e xcluded from Energy Analyses and material resource s  have been reduced 

to energy terms . Sometimes a t tempts have been made to  reduce labour 

inputs to energy terms , although no consensus has emerged as  to  what 

method is correct ( re fer to  section 1 . 2 . 1 . 4 ) .  The approach in this  

s tudy has been  to include land , labour and energy resources  in the 

analysis as the three mos t fundamental resource inputs ( this is  the 

same as the method recommended by Leach , 1 976 ) .  Land and labour 

resources are treated as being e s se ntially constan t , assuming constant 

land and l abour availabil i tie s . Energy is  considered t o  be the 

variable input which increases or  decreases output , within the g iven 

constraint s  of  land and labour supply . 



1 0 6  

cJ) -c 
Q) 
E 
Q) -... en / ::::J ..::.! 
CT ......... 
Q) ..., 
a: � * A  ->-
en 
... 
Q) c 

w � d e c l i n i n g  o r e  

C u m u la t i v e  O r e  E x t r a c t e d  

F i g u r e  6 . 1 :  S c h e ma t i L· re l a t i o n s h i p  be t \ve e n  e n e r g y  r (' q u i remen t s  
( t-IJ / k g )  o f  ma t e r i a l s  :1 n d  o r e  g r a d e . ' A '  i s  t h e  po i n t  
r e p r e s en t i n g t h e  ene rgy r e q u i r e me n t s  o f  u s i n g  r e c y c l e d 
o re s . 



1 07 

6 . 1 . 4 Net Energy Concept 

The concept of net energy is central to EA . Net energy i s  s imply 

the energy output ( gain ) of  a system minus the energy input ( l oss ) of a 

system . Net energy i s  required for the physical growth of  any system 

or economy . Hence the fundamental nature of  the net energy concept  i n  

EA . 

Economies must gain net energy by either indigenous primary energy 

sources and/or by exte rnal trade to provide growth :  

( 1 )  Net Energy Gain From P rimary Energy Sources . Primary energy sources 

are de fined as those which have a net energy ratio greater than unity 

( Odum and Odum , 1 97 6 ) .  Source s  of  energy which do no t yield net energy 

ratios greater than unity are secondary energy sources , and do not 

provide net growth , as  they consume more energy than they provide .  

Such energy analyses o f  primary energy sources are well represented i n  

the literature . Studies  range from analyses of  nuclear power s tations 

( Chapman , 1 97 5 ) ;  to b iological energy resources ( Earl , 1 978 ; Lewis 

and Slesser , 1 9 78 ) ;  to analyses of more conventional primary energy 

sources ( Slesser , 1 97 8  Table 6 . 1 ) .  

( 2 )  Net Energy Gain From External Trade . This source of net energy has 

not been quite as well researched as those detailed in ( 1 ) .  Studies of 

the ne t energy gained from trading agricul tural products  for Oil in the 

United States has been s tudied by Odum and Odum ( 1 97 6 ) , and Herendeen 

( 1 9 7 8 )  researched the net energy yielded by th e trade in the Norwegian 

economy . Despite the lack of  research in this area , the net energy 

gained from New Zealand ' s  export of agro- food product s  is a ve ry 

important source of net  energy to the economy .  Hence , the energy 

balance of New Zealand ' s  external trade has been relatively well 

re searched . Stephenson and Saha ( 1 98 0 )  es timated that New Zealand ' s  

external trade had a net  energy yield of 1 6PJ  in 1 976  ( expressed in 

enthalpy terms ) .  Baines and Peet ( 1 9 82 ) compared the net energy yield  

of exporting meat for  oil , wi th biological energy supply options . 

Other s tudies of New Zealand ' s  energy balance of trade have been 

undertaken by Baines e t  al . ( 1 98 1 ) and Odum and Odum ( 1 97 9 ) .  
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6 . 1 . 5 Rei teration and Statement of  Objective for Part B 

The New Zealand food system has two main func tions : to supply 

agro-food products for external trade , which can be exchanged for oil 

and energy intens ive good s , so  providing net energy for the growth o f  

the New Zealand economy ( produc tion func tion ) ;  to supply food to 

physically sustain the New Zealand population by providing metabolic 

energy and other essen tial nutri tional outputs ( consump tion func tion ) .  

There fore i n  terms o f  an Energy Analysis - Optimisation framework , 

valid objectives are to maximise net energy gain by trading agro- food 

products , and to minimise net energy loss in the domes tic consumption . 

( These objec tives are mathematically equivalen t ) .  Here in lies the 

objec tive for Part B which is : " to explore/determine the �ptimum use ' 

of resources in the New Zealand food sys tem , in terms of  this construct 

of net energy ga in" . 

This is a major departure from other related s tudies : 

( 1 )  Optimal rather than e fficient energy use i s  being focused on ( refer 

to sec tions 6 . 1 . 3 . 1 and 6 . 1 . 3 . 2 ) . 

( 2 )  The question of optimum resource use in food system is  being 

explored i n  terms of  the net energy concept , rather than in  terms of a 

construct based on conventional e conomic wisdom ( refer  to sec tion 

6 . 1 . 3 . 3  and 6 . 1 . 4 ) . 

6 . 2  Methodology : Data Collection and Analysis  

6 . 2 . 1 Classification o f  Sectors 

The sectors of the food system we re classified as  follows : 

( 1 )  Production The steps of  the food sys tem where biological 

materials are produced from primary natural resources , ready for 

processing or direct consumption . This includ e s , dairy farming , sheep 

and beef farming , cropping , horticultural activities , poultry farming , 

pig farming and fishing . 

( 2 )  Processing Those s te ps  in the food chain where biological raw 

materials are converted into foods tuffs ready for d i stribution to the 

point of final consumption . 

( 3 )  Wholesale Dis tribution Those s torage a nd t ransportation s teps in 



l ab l e  6 . 2 :  survey C l as s i f i cat ion  and the New Lea l and Standard rnoust r 1 a 1  L l a s s l T J ca � J on 

Survey C l as s i fi cation  

Production  
Factory Supp ly Da i ry Farms 
Town Supply Da i ry Farms 

P i g  Fa rming 

South  I s l and High  Country 
South I s l and H i l l  Country 
North I s l and Hard H i l l  Coun try 
North I s l and H i l l  Country 
North I s l and I ntens i ve Fa tteni ng 
South I s l and Fattening  - Breed i ng 
South I s l and I ntens i ve Fatten i ng 
South I s l and Mi xed Cropp i ng and Fatteni ng 

Mi xed L i ves tock and Other Farm i ng 

Pou l try Farming  

Cropp i ng 

Horticul ture and Production Not El swhere 
C l ass i fi ed 

F i s h i ng 

Process i ng 
Meat  Expo rt Works 
Abba to i rs 
Ham , Bacon and Mea t Sma l l cjoods 

Poul try Process i ng 
Co-opera t i ve Da i ry Factpries 
Mi l k  Process i ng Pl ants 
I cecream Fac tories 
Fru i t  and Vegetabl e Process i ng 

Fi s h  Process i ng 
Oi l and Fat Process i ng 
Gra i n  Mi l l i ng 
B reakfas t Cerea l s  
Brea d ,  Cake , Pastry and P i e  B a k i ng 

B i scui t Bak ing 
Sugar Refi n i ng 
Confectionery 
Foods Products NEC 

Soft Drinks  

Who l es a l e  D i s tri bution 
Grocery Products 
Refri gerated Products 
Mea t  
F i s h  
Dai ry a n d  Re lated Products 
Food NEC 
Fru i t  and Vegetabl es 

Reta i 1  i ng 
Grocer ies and Supermarkets 

Dai ries 
Butcheries 
Greengroceries and Fru i teries 
Others 

Mi l k  Vendi ng 
Catering 

Shopp i ng 
Groceries 
Da i ri e s  
Superma rkets 
Butcheries 
F i sh Shops 
Del i catessens 
Food NEC 
Greengroceries and Frui teries 

I I 
I I 

I I 

flumber 

1 1 1 1 1  
1 1 1 1 2  
1 1 1 1 3  
1 1 1 14 

1 1 1 16 
1 1 1 1 7  

1 1 12 
1 1 1 3  

1 1 141  

1 1 145 

1 1 16 
1 1 17 

1 1 1 B  
1 1 192 
1 1 197 

1 301  
1302 

3 1 1 1 1  
3 1 1 12 
3 1 1 13 
3 1 1 14 
3 1 1 15 
3 1 1 2 1  
3 1 122  
3 1 1 2 3  
3 1 130 

( part ) 

3 1 1 13 ( part ) 
3 1 141  
3 1 150 
3 1 1 6 1  
3 1 162 
3 1 1 17 
3 1 1 7 1  
3 1 172  
3 1 173  
31 174 
3 1 180 
3 1 190 
31 120 
3 1 175 
3 1 340 

6 1 2 1 1  ( most ) 
6 1 2 1 1  ( part ) 
6 1 2 1 2  
6 1 2 1 3  
6 1 2 1 5  
6 1219  
6 1220 

622 1 1  
62213  
62212  
62214 
62220 
6221 5  
62216 
62219 
62218 
6 3 1 10 
63120 
63140 

622 1 1  
62212  
62213 
62214 
62215 
62216 
62219 
62220 

New Zea l and Standard I ndus tr ia l  C l a s s i f i cation  

Name 

Princi pal l y  Dai ry Farmi ng 
Predomi nantely  Da i ry Farm i ng wi th Sheep 
Predomi nantely  Da i ry Farm i ng wi th Beef 
Predomi nantely Da i ry Farmi ng wi th Other Farmi ng 

Pri nci pal ly  P i g  Farmi ng 
Predomi nantely  Pi g Farm i ng 

Sheep Farmi ng 
Beef Farmi ng 

Mi xed L i vestock Farmi ng 

Poul try Farming 

Crop p i n g  
General Mi xed Farmi ng 

Fru i t  and Vegetabl e Grow i ng 
Hop Gardens 
Bee Keep i ng 

Ocean and Coas tal F i s h i ng 
F i s h i ng Not E l sewhere C l ass i fied 

Meat  Export Works 
Other Abbatoi rs and Rural Sl aughter Houses 
Meat Packers and Canners 
Ham , Bacon and Sma l l goods 
Poul try Sl aughter Houses 1 Co-operative Da i ry Factories 
Mi l k  Process i ng Pl ants 
I cecream Factories  
Canni ng and  Preserv i ng o f  Fru i t  and Vegetabl es 
Meat Packers and Canners 
Land Based F i s h  Factories  
Vegetabl e and  Animal Oi l s  and  Fats 
Gra i n  Mi l l i ng 
Prepared Gra i n  Breakfast  Foods 
Meat  P i es and Puddi ngs 
Bread Bakeries 
Cake , Pastry and Pie (other than meat ) Factories 
Cake and Pas try Ki tchens 
B i scui t Factories  
Sugar Factories  and  Refi neries 
Cocoa , Choco l a te and Sugar Confectionery 
Food Products Not E l sewhere C lass i f ied 
Macaron i , Vermicel l i ,  Spaghetti and Noo d l es 
Soft Drinks  and Cord i a l s  

Grocery Products 
Grocery Products 
Meat and Meat P roducts 
F i s h  
Da i ry Products 
Foods N EC 
Fresh Fru i t  and Vegetabl es 

Grocers 
Supermarkets 
Dafries  
Butchers 
Greengrocers and Frui terers 
F i sh Shops 
Del i catessens 
Food NEC 
Mi l k  Vendors 
Takeaway Food S to res 
Tea , Coffee Houses , Cafes , Unl i censed Res taurants 
L i censed Restaurants and Cabarets 

Grocers 
Superma rkets 
Dai ri es 
Butchers 
F i s h  Shops 
Del i catessens 
Food NEC 
Greengrocers and Fruiterers 
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the food chain from the processing plan t ' s  gate to the retailer ' s  door . 

In the case o f  non-processed foods , it  is  those storage and 

transportation s teps in the food chain from the first s torage s te p  

( beyond the farm gate ) t o  the retailer ' s  doo r .  

( 4 ) Retail ing Those steps in the food chain where food is sold for 

final consumption . These s teps o f  the food chain usual ly occur b e tween 

the last wholesale dist ribution step and the shopping s tep  of the food 

chain . 

( 5 )  Shopping Those transportation s teps in the food chain from retail 

establi shments to households undertaken by household members . 

( 6 )  Household Preparation and Storage Those preparation and storage 

steps in the food chain which are undertaken in permanent  dwellings  

immediately prior to final consumption . 

( 7 )  Household Produc tion Produc tion of biological raw mate rials  in 

the household garden fo r consump tion as food . 

( 8 )  Cate ring-Hotel Sec tor 

Please refer to  Table 6 . 2 ,  for the N . Z . S . I . C .  classification of these 

sectors . 

6 . 2 . 2  Classification o f  Inputs and Outputs 

Inputs and outputs were classified as e ither being exogenous or 

endogenous . Exogenous inputs/outputs cross the systems boundary and 

endogenous inputs/outputs remain internal to the sys tem . 

6 . 2 . 2 . 1 Exogenous Inputs 

Exogenous inputs include Energy , Land , Labour and Food Imports : 

( 1 )  Energy These inputs were either direct or indire c t  ( via ano ther 

input of ano ther good or  s e rvice ) .  The s e  energy inputs ( whether 

direct or indirect ) can be traced back to primary inputs  o f  Coal , Gas , 

Oil , Hydro-electricity , Wood , energy embodied in primary level capital 

or energy embodied in imports ( refer to Carter , Peet and Baines , 1 98 1  

for a full classification o f  these primary energy input s ) .  

( 2 )  Land These inputs were classified according to the Ministry o f  

Works and Developmen t  ( 1 97 9 ) 8 classes ( with 4 sub -classes)  
classification sys tem, making in total 32  land inp ut classes . Only the 
direct land inputs were taken into accoun t . Indirect  land inputs  a re 

associated with several inputs of material s  and capital . For exampl e , 
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wood is  required for packaging and buildings , and indirectly land i s  

required to grow the wood . No data were available for es timating the 

indirect  land requirements . Howeve r ,  such ind irec t requirements fo r 

land , were considered to be small . 

( 3 )  Labour These inputs are expressed in terms of man-year 

equivalents . Only direc t labour inputs were taken into account . 

Indirect labour inputs are as sociated with almos t all inputs into the 

food system . For e xample , labour inputs are embod ied in the supply of 

all packaging and fer tilizer inputs . No data are available for 

est imating the ind irec t labour requirements . As the indirec t labour 

requirements are considered to be quite large , a fuller analys i s  s hould 

include indirec t labour requirements . 

( 4 )  Food Imports These we re classified ac cord ing to the N . Z . S . I . C .  

product ion class i f i cation sys tem . 

6 . 2 . 2 . 2  Exogenous Outputs 

Exogenous outputs included Nutritional Outputs and Food Expo r t s : 

( 1 )  Nutritional Outputs These outputs include : Dietary Fibre , 

Metabolic  Energy , Protein , Fat , Calcium , Phosphoru s ,  Magnes ium , I ron , 

Sodium , Zinc , Potassium , Vi tamin A ,  Vitamin 8 1 , V�tamin 82 , Niac i n , 

Vitamin 86 , Free Folic Acid , Total Foli c  Acid , Vitamin c ,  Vitamin D and 

Vitamin E .  

( 2 )  Food Exports These we re classified accord ing to the N . Z . S . I . C .  

production classification sys tem . 

6 . 2 . 2 . 3  Endogenous Inputs and Outputs .  

These referred to the inputs and outputs from sectors or food 

system s teps , which do not immediately cross the systems boundary . 

-6 . 2 . 3  Estimation of Energy Inputs 

The primary energy inputs into each sector or food chain s te p  were 

es timated , drawing on surveys undertaken by the Food Technology 

Research Centre ( Patte rson and Earle , 1 984 ) ,  and various o ther 

statistical source s . Sector l evel data were used whe n  more de tail e d  

food chain s t e p  level data w�re n o t  avai lable . 
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6 . 2 . 3 . 1  P rimary Energy Inputs Considered 

The following primary energy input s  were considered based on 

Carte r ,  Peet and Baines ( 1 9 8 1 ) classification method , used in their 

recently completed Input-Output based Energy Analysis  of  the New 

Zealand economy : 

( 1 )  Hydro-electricity ( EL ECT ) .  This refers to hydro-el ec tricity �at t h e  

point of generation , before transmission . 

( 2 )  Natural gas ( G AS ) . This refers to  natural gas as  i t  lies in the 

gas well . 

( 3 ) Oil ( OIL ) .  This refers to  oil products a s  they are imported in 

their various degrees of  refinement , or  indigenous oil as it  lies in 

the oil well . 

( 4 )  Coal ( COAL ) .  This refers to coal as  i t  lies in t h e  ground . 

( 5 ) Wood ( WOOD ) .  This refers to wood as i t  leaves the forest .  

( 6 )  Capital ( CAPTL ) .  This refers to energy embodied in primary l evel 

capital . Refer to Carter , Peet  and Baines ( 1 9 8 1 ) for a full discus sion 

and definition of  primary level capital . 

( 7 )  Imported ( IMPORT ) .  Thi s refers to energy embodied in the 

importation of  merchand ise into New Zealand . Re fer to Baines , Peet and 

Carter ( 1 9 8 1 ) for a full discussion and definition of  this input . 

Primary energy inputs are e ither direct ( consumer l evel energy 

expressed in primary energy terms ) or indirect (mate rial , capita l inpu t<; 

not including endogenous food inputs ,  expressed in primary energy 

terms ) .  In the coding system indirect inputs are preceded by the 

character ''X" . Ind ire c t  inputs of wood are not included as such inputs 

were not  included in Carte r , Peet  and Baines ( 1 9 8 1 ) analys is , from 

which mos t  of the indirect inputs were calculated . Furthermore , direct  

inputs of solar energy were not included , in accordance with I . F . I . A . S  

( 1 97 4 ) convention . 

All primary energy was e xpressed in terms of Gross Energy 

Requirements ( GER ) which includes the sum of all dire c t  and indirect 

energy requirements . To avoid double counting , some sector energy 

requirement s  were also e xpressed in terms of Total Energy Requirement s  

( TER ) .  The TER does not include indirect inputs o f  energy from o the r 

sectors of the food system . For  example ,  the poul try farming industry  

has  an indirect energy requirement embodied in the  supply of  feed . The 
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GER would include the energy requirement of feed , but TER would not 

include the e nergy requirement of  feed . 

6 . 2 . 3 . 2  Production Sector 

For full methodological details readers should refer to Patterson 

and Earle ( 1 984 ) .  Data from the previous surveys were inadequate , 

because not all inputs were covered , and not all s tudies adhered to the  

I . F . I . A . S .  ( 1 9 7 4 ) conventions . Therefore , data had to  be reanalysed . 

The direct energy requirements ( TJ/yr ) were generally obtained 

from survey data collected by the Joint Centre for Envir onmental 

Sciences ,  and /or Producer Board s .  Full re ferences to the exact sources  

are contained in  Patterson and Earle ( 1 9 84 ) .  Often several sources 

were consulted or at  least used for cross-checking purposes . 

The e stimation of the indire c t  energy requirement s  ( TJ/yr ) ,  

involve es timating the energy requirements of Materials and Services , 

the energy requirements of  Capital , and the energy requirement s  of  

supplying t he  direct energy . Generally , the  Materials and Services 

energy requirement involve d :  

( a )  es timating the cost ( $ )  

( b )  backdating the cost ( $ )  to 1 9 7 1 -72 terms 

( c )  mul tiplying this cost ( $ )  by the appropriate energy intens ity 

( MJ/ $ ) ,  to obtain the to tal energy requirement of mate rial s and 

services . 

The costs ( $ )  we re generally obtained from Prod ucer Board Surveys , 

which are detailed in Pat terson and Earle ( 1 9 84 ) .  

The Capital energy requirements were es timated using the same 

method . Except the cost ( $ )  of the capi tal was obtained from the New 

Zealand Yearbook ( 1 9 8 1 ) .  The costs ( $ )  were backdated to 1 97 1 -72 

terms , by using the appropriate cost indices from the Monthly Abstra c t  

o f  Statistics  ( 1 972-80 ) .  The energy requirements of direct energy were 

es timated using data from Carter , Peet and Baines ( 1 9 81 ) .  

An al ternative method was used for calculating the d irect energy 

requirements ( TJ/yr ) for the Horticul ture and Produc tion NEC , Poul try 

Farming and Fishing sectors . This involved us ing ratios from Carte r ,  
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Peet and Baines ( 1 9 8 1 ) .  Full details of the calculations are outl ined 

in Pat terson and Earle ( 1 9 84 ) .  

The total energy intensities ( MJ/kg )  we re directly abstracted from 

the l i terature . It  should be recognised that these to tal energy 

intens ities were usually unde res timates because not all inputs have 

been taken into account , particularly the energy requirement of d irect 

energy . 

6 . 2 . 3 . 3  Process ing Sector 

Data from previous s urveys we re inadequate because : 

( 1 )  the survey years varied and differed quite markedly from the base 

year ( 1 978-79 - 3 1  March to 1 April ) .  To correctly assoc iate ene rgy 

inputs with other inputs/outputs , the base year must be consisten t . 

( 2 )  sector def initions used in some surveys were vague , and did not 

conform with the New Zealand Standard Industrial Classification used 

for es timating the o ther inputs and outputs from the sectors . 

Therefore , it was cons idered necessary to re-analys e the data for 

1 978- 7 9 , and use the previous surveys detailed in se ction 7 . 3 . 2 . 1 only 

for checking purpose s . 

Detailed data from the Census of  Manufacturing ( 1 978-79 ) ,  were 

used for these purposes . The se unpublished data we re supplied to the 

Food Technology Research Centre , on a confidential basis by the 

Department of Stati s tics ( 1 9 82a) . From these data the direct energy 

requirements were calculated , in consumer level terms and conve rted to 

primary l evel terms by using data from Carter , Peet and Baines ( 1 9 8 1 ) .  

The indirect energy requirements ( material and packaging ) ,  were 

calculated by abstrac ting the cos ts  ( $  1 9 78-79 ) of these inputs from 

the Census of Manufacturing data ; backdating these data to 1 97 1 - 72 

costs ( $ )  by using the General and �holesale Price Indices from the 

Abstracts of Statistics ( 1 97 1 - 79 ) ;  and then mul tiplying these cos ts ( $  

1 97 1 - 72 ) by the appropriate energy co-efficients ( MJ/$  1 9 7 1 -72 ) from 

Carte r ,  Peet and Baines ( 1 9 82 ) .  The indirect energy requirements of  

th e  capital ( buildings and equipment ) were calculated by using the 

capital expendi ture data ( $  1 978-7 9 ) from the Census of  Manufacturing 

( 1 978-79 ) ;  backdating these data to� 1 9 7 1 - 7 2  costs ( $ )  by using the 

Ministry of  Works and Developmen t  Construction Cost Indices ( 1 9 7 1 , 
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1 979 ) and then mul tiplying these cos ts  ( $  1 9 7 1 - 72 ) by the appropria t e  

coefficients (MJ/ $ ,  1 97 1 - 72 ) from Carte r ,  Peet and Baines ( 1 9 82 ) .  

6 . 2 . 3 . 4  Export-Import Sector 

A weighted mean energy coefficient ( MJ/ $ )  was cal culated us ing 

data from Chudleigh ( 1 9 7 9 ) to calculate the direct energy co-efficient 

( MJ/$ ) ,  and data from Carte r ,  Peet and Baines ( 1 9 82 ) to calculate the 

indi rect energy co-efficient (MJ/$ ) .  This could lead to mislead ing 

resul ts as it assumes that the trans port energy requirements of 

exporting-importing is proportional only to the monetary value ( $ )  of 

the product . This problem cannot be rec ti fied un til more accurate data 

becomes available . 

6 . 2 . 3 . 5  Wholesale Dis tri bution Sec tor 

Data were drawn from a detailed survey of the Total Energy 

Requirements of the Wholesale Dis tribution� of Foods , in New Zealand . 

Readers should refer to this publication ( Patterson and Earle , 1 982e ) 

for full methodological detail s .  

Initially , base data were collected from personal visits ( 38 )  to  

warehouses , distribu tion depots , storage faci l i ties , produce agent s  and 

produce markets . Subsequently , to broaden the data base , a postal 

survey was undertaken of  all food wholesale establishments ( 55 1 ) 

covered by the N . Z . S . I . C .  which had not already been visited . The 

response rate for this s urvey was 42% after adj us tments  had been made 

for " no address"  and " not applicabl e "  returns . Al though , as mos t  of 

the large establi shments returned comple te d  ques tionnaires , about 80% 

of the total sales o f  the sector were covered . 

Some data were also obtained from retail proprietors who in terms 

of  our definition of  wholesale distribution ( re fer  sec tion 6 . 2 . 1 ) ,  

undertook some wholesale dis tribution . Thi s survey did not cove r the 

wholesale dis tribution of fresh baked products ,  milk and cream . 

The direct energy intens i ties ( MJ/kg ) for each storage and 

transport step were e stimated directly from the survey returns . 
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The ind irect energy intensities ( MJ/kg ) for the capi tal input s  

into each s torage step we re e s timated b y  using survey cost data ( $ ,  

1 980 -. backdated to $ ,  1 9 72 ) and energy intens ity data ( MJ/ $ ,  1 9 72 ) 

from Carte r ,  Peet and Baines ( 1 9 81 ) .  

The indirect energy intens ities ( MJ/kg ) of the transport s tep  were 

estimated by mul tiplying the direct energy intensity ( MJ/kg ) by the 

appropriate direct energy intensity : indirect energy intens ity rat io 

( MJ /$  : MJ/ $ )  from Carter , Peet and Baines ( 1 ? 81 ) .  

The indirect energy intens ities ( MJ/kg ) for supplying the direct 

energy were es timated using data from Carter ,  Peet and Baines ( 1 9 8 1 ) 

using the same method as outlined for the processing sector ( refer to 

sec tion 6 . 2 . 3 . 3 ) 

The direct and indirect energy re quirements ( PJ/yr ) of the sector 

were estimated by mul tiplying the energy intens ity data (MJ/kg , 

sometimes MJ/ $ )  by the appropriate annual throughputs ( kg/yr , sometimes 

$/yr ) of each food chain s te p .  

6 . 2 . 3 . 6  Retail S torage Sector  

Data we re drawn from a detailed survey of  the  Total Energy 

Requirements of the Retailing of Food , in New Zealand . Readers s hould 

refer to this publication ( Patte rson and Earle , 1 982c ) for full 

methodological detail s .  A sample survey was undertaken o f  1 20 retail 

food establishments in the Palmerston North a rea as  the energy d ata 

coll ec ted in the Census of  Dis tribution ( 1 9 7 8 )  were inadequate i n  its 

coverage , primarily because it only cove rs e s tablishments with 1 0  or 

more staff . Detailed energy data were collecte d  par ticularly of  the 

d irect energy requirements of these establishments , with other data 

being collected so that the indirect energy requirements could be 

estimated . A comparison of  turnover and floor area data collected in 

this survey with turnove r and floor area data collected in Census of  

Distribution ( 1 97 8 )  indicated that this sample should be representative 

of the national s ituation . Furthermore , acceptable sampl ing error were 

obtained for all  shop types except the Greengroceries and Fruiteries 

grouping which fortunately had very low total energy requirement s . 
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The direct energy intens ity ( MJ/kg )  for each type of retail 

establishment fo r seve ral di fferent categories of energy requirement 

were es timated . These categories included direct energy intens ities 

( MJ/kg ) for refrige ration and non-re frigeration storage mode s  in retail 

establi shments . The indirec t energy intensities ( MJ/kg ) of each 

retailing step were estimated using the same method as  in the who le sale 

distribution sector ( refer to sec tion 6 . 2 . 3 . 5  for detail s ) .  

The total energy requi rements ( PJ/yr ) of  the sector we re estimated 

by extrapolating from the samp le survey . 

For milk vending , the to tal ene rgy intens i ties ( MJ/kg ) and to tal 

energy requirements ( PJ/yr ) of this grouping we re e s timated by using 

base d ata from the Milk Vendor ' s  Cost Survey ( 1 9 7 7-78 ) undertaken by 

the Agricul tural Economic s  Research Unit ( 1 97 8 )  at  Lincoln College . 

Data were converted to the appropriate forms by using data from Carte r ,  

Peet and Baines ( 1 9 8 1 ) .  

6 . 2 . 3 . 7  Shopping 

Data we re drawn from a detailed survey of the Total Energy 

Requirements of Shopping for Food , in New Zealand . Readers should 

refer to this publication ( Patterson and Earle , 1 982b ) for full 

methodological details . 

A sample survey of  food shoppers in Palmerston North was 

undertaken because of  the lack of data in the desired form . In tota l  

data we re collec ted from 680  customers who purchased foods from 7 shops 

in Palmerston North (2 Supermarkets , 2 Greengroce ries and Fruiteries , 

Dairy , 1 Groce ry and 1 Butchery ) .  An examination o f  the link data 

indicated that the sample was probably representative of  the national 

si tuation , altnough further surveys need to be undertaken to fully 

ve rify this . The s ampling errors for all surveye d parameters  wer e  

within acceptable limits . 

Detailed data were collected from each customer which e nabled us  

to  estimate- a range of s tatistics for each  trip  including the direct 

and to tal energy· i?tensities ( MJ/kg ) . The d irect energy intensities 

( MJ/kg ) were es timated using data from Beca , Carte r , Ferner and 
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Hollings ( 1 97 7 )  i n  con j unc tion with s urvey data about the type o f  

vehicle , vehicle capaci ty , di s tance travelled and the amount o f  food 

purchased . Because mos t  t rips were multi-purpose and involved the 

purchase of  non-foods an allowance had to be made for thi s .  

The indirect energy intens ities ( MJ/kg ) were estimated using rat i o  

data from Carter , P e e t  and Baines ( 1 980 ) .  

Detailed analysi s  of  variance s tatis tical tests were undertaken t o  

indicate what factors influenced the total energy intensities ( MJ/kg ) 

of shopping for food . Factors that were examined included customers 

characteristics ( age , sex , socio-economic s tatus ) weather conditions 

and shopping day . 

The total energy requirements ( PJ/yr ) of shopping for food in New 

Zealand were es timated by mul tiplying the to tal energy intensities 

( expressed in te rms o f  MJ/$ 1 9 8 1 ) by the total national sales of  each 

shop type ( $  1 98 1 /yr ) . The survey data were backdated using the 

appropriate food components of the Consumers Price Index ( Department o f  

Statis tics ,  1 98 0c ) .  

6 . 2 . 3 . 8  Household prepa ration and s torage 

Data were drawn from a detailed survey of the Household 

Preparation and Storage of Foods in New Zealand . Readers shoul d refe r 

to this publ ication ( Patte rson and Earle , 1 982d ) for full 

methodological detail s . 

The d irect ene rgy requirements ( PJ/yr ) were es timated primari ly 

from data obtained in a survey jointly undertaken by the New Zealand 

Electricity Department ( 1 972 ) and the Department of Statistics ( 1 97 4 ) .  

This  survey covered electricity usage by a sample of 2 , 000  households  

throughout New Zealand . Other base data for the es timation of the 

direct energy requirement s  ( PJ/yr ) were obtained from Peet , Henderson 

and Hobbs ( 1 97 8 ) , Census of  Population and Dwell ings ( 1 97 8 )  and va rious 

other sources . 

The indirect energy requirements ( PJ/yr ) were obtained by 

mul tiplying cost data ( backdate d to $ ,  1 9 72 ) by energy intensity ( MJ / $  
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1 972 ) from Carte r , Peet and Baines ( 1 9 8 0 ) . The cost ( $ )  of the 

indirec t  inputs were  abst racted from the Household Sample  Survey 

( 1 98 0 )  for materials ,  from data obtained from appliance suppliers for 

various appli ance s  and from the New Zealand Valuers Ins titute ( 1 97 4 ) 

for build ing costs . 

The indirect energy requirements ( PJ/yr ) for supplying the d irec t  

energy were e stimated using data from Carte r ,  Peet and Baines ( 1 9 8 0 )  

using the same method as  outlined for the processing sector ( see  

sec tion 6 . 2 . 3 . 3 ) . 

The dire c t  energy requirements ( MJ/yr ) for various cooking 

appliance s  were also e s timated from data presented by Fechter and 

Porter ( 1 979 ) ,  Coll inson ( 1 9 7 9 ) , Smith ( 1 97 7 )  and from appliance 

specifications . Subsequently , by using data from s tandard cooking 

books ( primarily Edmonds Cookery Book , 1 97 6 )  the direct energy 

intensities  ( MJ/kg ) for various cooking s teps were estimated . The 

direct energy intensities ( MJ/kg ) for the baseload steps were e stimated 

by dividing the direct energy requirements  ( PJ/yr ) by the es timated 

annual throughputs ( kg/yr ) . The annual throughputs ( kg/yr ) were 

primarily obtained from the New Zealand Food Balance Sheet which is 

published by the Department of Statistics ( 1 97 7 a ) . 

Similarly , the indirect energy in tensities (MJ/kg ) were  obtained 

by dividing the indirect energy requirements ( MJ/yr ) by the annual 

throughputs ( kg/yr ) .  

6 . 2 . 3 . 9  Househol d  production 

The household expenditure ( $ ) , of items used in the household 

production of food , were obtained fom the 1 978-79 House hold Survey 

( Department of Statisti cs ) .  These included items such as fertil i zers , 

pesticides , s pades and o ther garden equipment .  Items whi ch were 

obviously or considere d  predominatly to be used for ornamental gardens 

we re not included . These expenditure data ( $ ) , we re backdate.d to 

1 97 1 - 72 terms , by using various cos t indices . The expendi ture ( $ ) data 

were mul tiplied by the appropriate energy intens ities ( MJ/ $ )  obtained 

from Carter ,  Peet and Baines ( 1 98 0 ) , so as to obtain the total energy 

requirements ( TJ/yr ) .  This e s timate ( TJ/yr ) was divided by th e total 
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household  food production ( tonnes/yr ) obtained from the Department o f  

Statistics ( 1 976) ,  t o  obtain the total energy inte nsity for the 

household production of foods . 

6 . 2 . 3 . 1 0  Cate ring 

Data were drawn from a detailed survey of Energy Use in the 

Catering Industry , in New Zealand . Readers should refer to this 

publ ication ( Patte rson and Earle , 1 982a ) for full methodological 

details . 

The direc t energy requirements ( TJ/yr ) we re e s timated from a 

national survey of 1 , 35 7  cate ring es tablishments , and a more d e tailed 

sample survey of  53 establ i shments in the Palmerston North area . The 

indirect  energy requirements ( TJ/yr ) we re es timate d , by  mul tiplying 

cost ( $ ) .data of  buildings and equipment , by energy co-efficients 

( MJ/ $ )  from Carte r ,  Peet and Baines ( 1 9 82 ) .  

The direct energy intens ities ( MJ/kg ) of  various cooking food 

prepa ration , and baseload steps were es timated by using mul tiple linear 

regression . That is , the partitioning ( allocation ) problem of 

allocating one energy input , to general outputs was overcome by 

solving the foll owing e quation by mul tiple linear regress ion : 

�i=j 
. 1 y l= 

where : 

�i=j �i=j [;=j 
. 1 (x i ) .  + b 2 . 1 Cx2 )  . • • .  + b 1 

(x  ) . 1= 1 1= 1 n = n 1 

y = Direct energy consumption of a Catering Establishment ( MJ )  

x 1 • • • •  xn = throughput per annum for the various cooking and 

food preparation modes ( kg )  

b 1 • • • •  bn = energy intensity ( MJ/kg ) for the various cooking and 

food preparation modes .  

i = various cate ring e s tablishments . 

Simila r ,  regres sion technique s for overcoming the partitioning problem 

( 6 . 1 )  
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have been used by Cleland , Earle and Boag ( 1 9 8 1 ) ,  Rao e t  a l . ( 1 9 8 1 )  and 

Jacobs ( 1 9 8 1 ) . 

The indire c t  energy int ens ities (MJ/kg) were e s t ima ted by dividing 
the annual indirect energy requirements (TJ/yr ) of 33 catering e s t ab li sh­
ment s  in the Palmerston North area , by their annual throughputs (kg / yr ) . 

6 . 2 . 3 . 1 1  Hotels 

Data were obtained from Lion Breweries ( pers . corn. I .  Wells ,  

1 9 82 ) which enabled an es timate of the direct energy requirements 

( TJ/yr ) of ho tels to be made . The mean energy requirement ( TJ/yr ) of  

the sample of 9 2  hote ls , was simply mul tiplied by the to tal number of  

hotels in  New Zealand which obta ined from the Census of  Dis tribu tion 

( 1 9 7 8 )  • .  These direct energy requirements were converted to primary 

energy terms , by using data from Carter ,  Peet and Baines ( 1 9 8 1 ) .  A 

reasonably acceptable sampling error ( Standard e rror = 9 . 2 % ) , was 

calculated . The indirect energy requirements ( TJ/yr ) , we re e s timated  

by  assuming that the indire c t  : direct ratio for Cate ring 

establi shments , also applied for Hotels . 

Data on the end-uses of direct  energy in Ho tels were a l so o b ta ined 

from Lion Breweries ( pe rs . corn . I .  Well s , 1 9 82 ) .  No energy 

intensity ( MJ/kg )  data were available , nor could it be  easily 

calculated from data for existing sources . 

6 . 2 . 4  Es timation of Other Inputs and Outputs 

6 . 2 . 4 . 1 Direct L and I nputs 

Data were abs tracted from survey data from Patterson and Earle 

( 1 9 84 ) .  Readers should refer to that survey for further methodological 

detail s . Only land inputs in the production sector were explicitly 

considered , as  other land inputs were considered to be negligib l e  o r  

mainly i n  urban areas . The main data sources used for e s timating the  

land inputs ( ha/yr ) were : Moffat ( 1 98 0 ) ,  New Zealand Meat  and Wool 

Board ' s  Economic Services ( 1 9 80 ) ,  Sheep  and Beef Farm Survey ( 1 9 7 8- 7 9 ) ,  

Agriculture Statistics ( 1 9 7 8-7 9 ) and the New Zealand Yearbook ( 1 9 8 1 ) .  
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N o  data were available indicating the class ( es )  of land inputs used b y  

the various production sectors . 

6 . 2 . 4 . 2  Dire c t  L abour I nput s  

The Labour inputs for  t he  Production Sector , were obtained from : 

Moffat ( 1 980 ) ,  New Zealand Dairy Board ' s  ( 1 9 80 ) Economic Survey of  

Factory Supply Dairy Farms ( 1 9 78 -79 ) ,  New  Zealand Meat and Wool Boards ' 

Economic Service s  ( 1 9 8 0 ) , Sheep and Beef Farm Survey ( 1 9 78-7 9 ) ,  

Agricul ture Stat i s tics  ( 1 9 7 8-7 9 ) and the New Zealand Yearbook ( 1 9 8 1 ) .  

The labour inputs for the processing sector were obtained from the 

Census of  Manufacturing ( 1 978-79 ) ,  and from survey data collected in 

previous surveys by the Foo� Technology Research Centre . Labour inpu t s  

for the Catering-Hotel sector were obtained from the Census of  

Distribution ( 1 9 78-79 ) .  Although labour s tatis tics were available for 

the wholesale and retail s ectors ( Census of  Distribution , 1 978-7 9 ) , 

these were not available i n  a form which were compatible with the 

" s tep-wise"  nature of the model formulation ; and therefore labour 

inputs from these sectors were not included . Furthermore , no labour 

input data were available for the fishing and e xport-import sectors , 

although it  i s  expected that such labour requirements wi ll be very 

small . In addition , no account was taken of the labour requirements o f  

shopping o r  household preparation o f  foods , a s  n o  data i s  again 

available . 

However ,  i t  should be noted that the fact that not all labour 

inputs we re taken into account , has no influence on the determination 

of the optimal solution . This i s  because in all the model 

formulations , labour was considered to be a " free variable" . The 

purpose of includ ing labour inputs was to provide extra information for 

the analys t .  

All labour inputs were expressed i n  te rms o f  equivalent man-year s . 

Base data were not always expressed in these terms , therefore the 

following conversion e quivalents were assumed in es timating the labour 

inputs : 

Unpaid members of  family 

assis ting on farm = 0 . 25 man-year equivalents . 
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Part-time employee = 0 . 50 man-year e quivalents . 

Casual workers = 0 . 25 man-year e quivalents . 

6 . 2 . 4 . 3  Food Imports and Exports 

The 1 97 8- 7 9  leve l s  of  imports and exports  of agro-food products 

were obtained from External Trade Statistics : Exports 1 978-79 , and 

the External Trade Statistics : Imports 1 978-7 9 ,  published by the 

Department of Statistics ( 1 9 8 0 ) . The products were re-classified 

according to the product classification used in the Census of 

Manufacturing ( 1 9 78-79 ) .  

6 . 2 . 4 . 4  Nutri tional o utputs 

The main data source for the nutritional composition o f  foods was 

Paul and Southgate ( 1 9 78 ) . This data source , was selected as  the mai n  

source as it  provided t h e  widest cove rage of  nutritional elements , and 

most of the foods used in the New Zealand household were covered by 

this source . Paul and Southgate ( 1 9� ) is  the standard British 

reference for the nutri tional composi tion of  foods and is based on 

ea rlier research by McCance and Wi ddowson . 

Howeve r ,  not all foods used in the New Zealand Household are 

covered by Paul and Southgate ( 1 9 7 8 ) , and therefore as a second 

priority the foll owing data sources were used : Thomas and Corden ' s  

( 1 9 7 0 )  Australian Food Tables ; United States Department of Agricul ture 

( 1 9 7 6 )  Composi tion of Foods ( Handbooks 8- 1 to 8-7) and the United States 

Department of Agriculture ( 1 9 7 5 )  Handbook No 456  on the Nutritional 

Values of American Foods . The nutri tional compos ition of kiwifruit was 

obtained from unpublished data o btained from the Depa rtment of 

Scien tific and Industrial R esearch ( pers . corn . Clarke , 1 9 83 ) . 

6 . 2 . 4 . 5  Endogenous I nput s  and �utputs 

The endogenous inputs and outputs from the production sectors , 

were obtained primarily from : Moffat ( 1 9 8 0 ) New Zealand Dairy Board ' s  

( 1 9 8 0 )  Economic Survey of  Factory Supply Dairy Farms in New Zealand , 

New Zealand Meat  and Wool Boards ' Economic Service ( 1 98 0 )  Sheep and 
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Beef Farm Survey ( 1 9 7 8- 7 9 ) ,  Agricul ture Statistics ( 1 9 78-79 ) ,  New 

Zealand Horticul ture Statistics ( 1 9 7 9 )  and the New Zealand Yearbook 

( 1 98 1 ) .  For full computational and methodological details readers 

should refer to Patterson and Earle ( 1 984 ) .  

The endogenous inputs and outputs for the processing sectors , we re 

obtained from detailed Census of  Manufacturing ( 1 9 78- 7 9 ) data supplied 

by the Department of  Statisti c s  ( 1 982 ) .  Some of these data were found 

to be incorrect ( particularly meat and fish sectors ) ,  and had to be 

subsequently adjusted to conform with data obtained from o ther source s  

such a s  Riepen ( 1 9 8 1 ) and the above cited reference s . 

The endogenous inputs-outputs for the Cate ring Sec tor were 

obtained from a detailed sample survey of  Catering Es tablishments  in 

the Palmerston North area . Readers should refer  to Pat terson and Earle 

( 1 9 82a ) for full methodological details . 

The endogenous inputs-outputs for the Hotel sector were estimate d 

using sales  data ( food , alchohol ) from the Census of  Distribution 

1 978-79 , and output data from the Census of Manufacturing 1 978- 7 9 .  The 

same mix of  sales of foods for Catering establ ishments  was assumed to 

apply for Hotels . 

As the other sectors included in the model ( Wholesale , Retail , 

Export-Import and Household ) were formulated in terms o f  food chain 

steps , rather than sectors , no input-output data we re required for 

these sectors . This is because , for each food ste p ,  there was j ust  one 

output and one input . A was tage of 5%  was assumed for most household 

steps , making an output of 950  tonnes . 

6 . 3  Methodology : Linear Programming 

6 . 3 . 1 Introduction 

As d iscussed in section 6 . 1 ,  energy-food utilization problems can 

be more meaningful l y  addressed , in te rms of  an optimisation construct ,  

rather than a s imple construct of efficiency which can only relate one 

single input to one s ingle output . Assuming linearity , the problem i s  

therefore a linear optimisation ( or t radi tionally termed l inear 
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programming ) problem . 

q . 3 . 1 . 1  Linearity assumption 

In general terms this means that any variable will increase in a 

linearly proportional manner .  Specifical ly , in terms of  this model  and 

the activities of the food sys tem , this usually means that given a n  

increase o r  decrease i n  inputs into a secto r ,  that the outputs wi l l  

increase or decrease i n  direct linear proportion . For example ,  i f  the 

inputs into the sugar refinery double , so will  the outputs double 

accord ingly .  Or , if  all the inputs into dairy farming ( including land ) 

double , so will all the output s .  

This is obviously the case i n  mos t  sectors and food chain s teps  

for example ,  if a retail outl et increases its sales ( outputs ) by  1 0% it 

will obviously have to purchase 1 0% more goods ( inputs ) from the 

wholesaler . This i s  less obviously the case in the produc tion and 

processing sectors , whe re " economies" and sometimes "diseconomies " of 

scale do occur . Howeve r ,  the re is quite strong evidence that this is  

n ot  the case , at  least in t he  processing sector . Firstl y ,  Cleland and 

Earle ( 1 9 80 ) in their very extensive s tudy of the food manufacturing 

sec tor found that in all cases the inputs were linearly proportional to 

the outputs - that is , l inear fits of the produc tion data were found in 

all cases . Secondly , Vickers and Miller ( 1 983 ) ,  found all production 

( outputs ) to be linearly proportional to inputs of  energy , except 

possibly butter production . 

Therefore , in this model linearity can be assumed , which in t urn 

facilitates easie r programme formulation and computation . Howeve r , i f  

non-linear production func tions d o  exist  the mode l  could be 

reformulated to take account of these , and in pra c tice this usually  

means using linear approximations of non-linear functions . 

6 . 3 . 1 . 2 Interdependencie s  Between Sectors , and Input-Output 

Analysi s  

Traditionally , mos t  food use  ( nutrition ) problems have been 

formulated in such a way that the variables have assumed t o  be 

independent of e ach o the r .  Howev e r ,  in a model  such as this one where 
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all sectors of  the food s ystem a re being modelled , the 

interdependencies between each sector/step must be modelled . For 

example ,  i f  the production of  biscuits is  to be increased ,  so  must the 

production of all upstream industries such as  flour processing , sugar 

re fining and grain production be increase d . Traditional l y ,  in 

Input-Output analys i s  ( first developed by Leontief ,  1 9 5 1  ), has been 

used to deal with linear inte roependencies in economic systems . 

Subsequently , Input-Output analysis  has been extended to include Linear 

Programming applications ( re fe r  to O ' Connor and Henry , 1 9 75 ) . 

Both Input-Output approaches , require a square matrix ( termed a 

coefficient matri x ,  or technical coefficient matrix and usually denote d 

in matrix notation as " A" ) .  The coefficient matrix ( A )  consists  of an 

identical set of columns and rows , with the inputs be ing represented b y  

reading down the columns and the outputs being represented by reading 

across the rows . The matrix i s  required to be converted to the ( I  - A )  

format , for Linear Programming purposes , whe re I = the Identity Matrix . 

I t  should also be noted that by inverting this matrix ( I  - A )  , the 

total requirements of a uni t  of  output from each sector can be 

determined ( re fer to Wright , 1 97 4 ) . This is  because it is  possible to 
- 1 

express ( I-A) as a convergent power series , thus : 

- 1  2 3 ( I - A )  y = d = y + Ay +  A y +  A y  • • • • • • • •  

whe re y = variable vector 

d = is the final output vector 

( refer to Department of Statis tics , 1 98� for fuller mathematical 

details ) .  

( 6 . 2 )  

Despite the relative s implicity and ve rsatility of  this approach ,  

there are a number o f  rather restrictive assump tions implicit  i n  the 

interpretation of results derived from such I-0 analyses ( refer  

O ' Connor and Henry , 1 97 5 ;  and Slesser , 1 978 ) .  Of particula r relevance 

to this analysi s ,  are the l inearity problem ( discussed above ) and the 

problem of fixed flows between sectors . Input-Output analysi s  and 

Linear Programming extensions assume that all flows between sectors 

mus t  remain in the same fixed proportions - that i s ,  there  is no 

allowable substitution of even the same input from ano ther sector , and 

the outputs must go to the same sectors in the same proportions as  the  



1 2 7  

original model . Thi s very restri c tive assumption was overcome a t  l e a s t  

to some extent ,  by n o t  considering there to be only o n e  homogenous 

input and output from each sector , but a seri e s  of inputs and outputs 

from " dummy sectors" representing the various products .  However ,  this  

s till assumes that there i s  a fixed proportion of  input s  and outputs 

from a sector , but there i s  s till room for total substitution of 

input-output flows between sectors . This assumption of  fixed 

proportions is no t totally unrealistic , as the nature of many 

production and processing activities do require that : 

( 1 )  certain outputs ( e . g .  meat and wool from farms , meat and meat 

by-products such as  hide s ) be in direct proportion to each o ther 

( 2 )  certain inputs be in direct proportion to each o ther , because of  

formulation requirements . 

6 . 3 . 2 . 3  Solution of  Linear Programming Models and Other Set s  o f  

Linear Equations 

The linear programming problem can be represented by the following 

set of simul taneous l inear equations : 

maximise/maximise : C 1 X 1 + C 2 X2 + • • • • • •  Cm Xm 
. > SUbJ ect to : a l l  x l + a l 2  x 2 + • • • • • • • •  a l rn Xrn < b l 

� 
3 n l x l + an 2  x 2 + • • • • • • • • •  anrn � < bn 

where : X1 � o ,  X2 � o • . • • • • • . Xm � o 

( This non-negativity restriction applies in mos t but not all cases ) 

c = objective func tion co-efficients ( refer to " cost" or " profit" 

co-efficients in economic jargon ) 

a = general co-efficients 

X = variables 

b = const raints  

In matrix notation this problem can be wri tten more compactly : 

min/max : Z :C  X 

subject  to : AX = B 

X 1- o 

I t  should be noted that usually m > n - that is , there a re usually 
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more unknowns than e quations , for the linear programming problem . This 

l eads to a typology of  sets o f  s imultaneous l inear e quations and 

concomitant solution methods :  

( 1 )  Underdetermined Matrix ( m  > n ) . This u sually represents the linear 

programming problem , where there are more unknowns than equations . 

Danzig ( 1 9 5 1 ) first developed the Simplex Method for solving such 

problems , in the late 1 940 ' s  and sub se quently more sophisticated � 

solution methods have been developed ( refer  to Cooper and Ste inburg , 

1 97 4 ) .  

( 2 )  Determined Matrix ( m  = n ) . This represents the Input-Output 

problem , where the numbe r  of e quations e qual the number of unknowns . 

The matrix is  square in this case , and there is  only one unique 

solution . Leontei f  e t  a l .  ( 1 9 5 3 )  develope d solution methods for such 

problems during the 1 93 0 ' s .  

( 3 )  Overdetermined Matrix ( n  > m ) . This represents the Regression 

problem , where there are more e quations than unknowns ( re fer to section 

A ) . Such problems are usually solved by using a leas t squares fitting 

method . It  appears that this solution method was independently 

developed by Gauss ( 1 7 7 7 - 1 85 5 )  and Legendre ( 1 752 - 1 833 ) ( refer to 

Draper and Smith , 1 9 8 1 ) .  

6 . 3 . 2  Coefficients Matrix 

6 . 3 . 2  .. 1 Formulation 

Conventionally , as  prescribed by textbooks ( e . g .  O ' Connor and 

Henry , 1 9 7 5 )  it is re commended that LP - IO problems be fo rmulated in 

terms of a square matrix ( I - A ) , using an initially formulated I-0 

coefficients matrix ( A ) . Howeve r ,  in that case because of the use of 

"dummy sectors" for the products ,  the matrix would have to be in the 

vicinity of 5 , 000  columns x 5 , 000 rows , resul ting in a very large 

sparse matrix which would almost  certainly l ead to computational 

problems . 

By using a rectangular matrix , entering a product as e ither a row 

( coefficient ) or a column ( variable ) ,  the size of the model coul d be 

substantially reduced - that i s ,  a matrix of about 2 , 000 x 800 could 

represent all coefficients and variables . 
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6 . 3 . 2 . 2  MPS format 

Coefficient matrices can be formulated for computer solution , by 

e i ther using a matrix generator or  formating the data in MPS format . 

Particularly for larger matrices it  is  usual to formulate the 

coefficient matri x ,  by using a matrix generator . Generally matrix 

generator packages are used as  they are less tedious and more 

sys tematic , and are part of  mos t  commercial l inear programming 

package s . However , in this case a Matrix Generator could not be used 

because of programming fault s  in the commercial LP package which was 

available on Mas sey University ' s  Prime Computer .  Therefore , the matrix 

was formulated using MPS format , which was originally d eveloped for I BM 

computers , but has now been accepted as the s tandard method for 

formulating LP problems . 

MPS format consists  of  the following sections : 

1 • NAME 

2 .  ROWS 

3 . COLUMNS 

4 .  RHS 

5 .  RANGES ( optional ) 

6 .  BOUNDS ( optional ) 

7 .  END ATA 

The coefficients are specified in sections 3 and 4 .  The row labels 

specify the coefficients ( j )  names , and column labels specify the 

variables ( i )  name , and this is followed by the value a . . .  Hence , the lJ 
inputs into a notational sector called Fish and Chip Shops ( FCSHOP ) ,  of 

potatoes ( POTAT ) , fat ( FAT ) , labour ( LABOUR ) and energy ( ENERGY ) would 

be formatted : 

FCSHOP POTAT - 3000 

FCSHOP FAT -200 

FCSHOP LABOUR -4  

FCSHOP ENERGY - 70 0  

The values are  negative , because they represent consumption by  the 

sector . The output of  this notional 

would be formatted :  

FCSHOP CHIPS 2500  

sector , o f  fried chips ( CHIP S )  

This  value is pos itive , because it represents production b y  the sector . 
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I t  shoul d b e  noted that there are some restrictions in the code s  

that can b e  u sed i n  naming coefficients ( re fer  t o  Scion Ltd . , 1 98 1 ) .  

Essentially , the names may be up to eight charac ters in length and b e  

left j ustifie d , as  l eading blanks are treated as  part o f  the name . A 

full list  of  the code names used in this model appear in the Appendix E .  

6 . 3 . 2 . 3  Units o f  coefficients 

The units of most coefficients used in this s tudy , are te rms o f  

physical rathe r  than e conomic units . Most product coefficients are 

expressed in terms of 1 000 tonnes or 1 000 litres . Labour coefficie n t s  

a r e  expres sed in te rms of  1 000 equivalent man-years , and Land units  a r e  

expressed in terms o f  1 00 0  h ectare s . Readers should refer to the 

Appendix D ,  for a full l i s t  of the coefficient s used in matrices in 

this study . 

6 . 3 . 2 . 4  Scaling of  Coefficients 

Ill-scaled matrices l ead to computational problems , as large 

numbers are generated in the inversion process , which leads to storage 

problems ( re fer to Murtagh , 1 98 1 ) .  It  was found during early solution 

runs of various matrices in thi s study , that ill-scaled coe fficients 

we re causing s uch problems , and therefore several rows and columns had 

to be  rescaled . 

6 . 3 . 2 . 5  �ensiti vi ty Analysis  

There i s  some uncertainty associated with some of  the  matrix 

coe f ficient s . Therefore , the RANGING command wa s used to tes t the 

sensitivity of changes in these coefficients . This tests changes that 

are allowable in the matrix co-efficients while the problem s till 

remains optimal ( for furthe r  details refer to Murtagh , 1 98 1 ) .  If  some 

coefficients  are pa rticularly sensi tive to changes ,  or have a 

significant impact on the rest of  the model , further research should be 

undertaken to improve the accuracy of these coefficients . 
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6 . 3 . 3  Objective Functions 

6 . 3 . 3 . 1 Selection and Use of  Objective Functions 

As discussed in secti on 6 . 1 . 4 ,  the maximisation of net energy gai n  

o r  the minimis ation of ne t  energy loss ( both are mathematically 

equivalent ) ,  were considere d  to be the most appropriate objective 

functions for u se in EA . Accordingly , the following objective 

functions were used : 

Run 1 Maximisation of  Net Energy Gain ( Q ) , given the 1 978-79 leve l s  

of domestic consumption , production , processing1 exports and imports . 

( Standard Run ) 

Run 2 Minimisation of  Net Energy Loss ( Q ) , given nutritional 

requirements of domestic consumption , allowing no exports , minimal 

imports , and give n  land area and o ther constraints . 

Run 3 Maximisation o f  Net Energy Gain ( Q ) , given 1 978-79 domestic 

consumption , export l evel double the 1 978-79 levels ,  land area and 

other constraints . 

Run 4 For contrast , the more conventional economic objec tive of 

maximising net export earnings ( DOLNET ) was used as the obj ective 

function for R un 4 .  

It should be noted that the purpose o f  this study is not to 

generate a " bl ue print" or prescriptive set of results  wh ich is often 

the assumed purpose of  LP ( e . g .  refer to Sharpe and Roy , 1 98 0 ) . The 

use of LP in thi s s tudy , is more for instruc tion than prescription ; s o  

therefore the choice of  various objective functions , does not 

presuppose a reflection of societal and e conomic goal s  and objectives . 

6 . 3 . 3 . 2  Units of Objective Func tions 

The objective function for Runs 1 ,  2 & 3 ,  of Net Energy ( Q )  is 

measured in te rms of Tera joul es of hydro-electricity equivalents [ n 1 ( m 2 

) ]  ( refer to section 4 . 6 . 5 ) .  

The objec tive function for Run 4 ,  of  net export earning ( DOLNET ) ,  

is  expressed in terms of 1 0 6 $ 1 978-7 9 .  
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6 . 3 . 3 . 3  MPS format 

The first free row ( denoted by N )  in the rows section is assumed 

to be the objecti ve function . There fore , when ( Q )  was the objective 

function the entry could be . 

ROWS 

N Q 

N DOLNET 

If DOLNET was the obj ective func tion the order would be reversed : 

ROWS 

N DOLNET 

N Q 

6 . 3 . 4  Cons traints 

" Constraint s "  i s  the term used in LP j argon to describe the right 

hand side vector ( b )  of  the general LP problem equation , specified at 

6 . 3 . 2 . 3 .  These so called " constraints" also include what might , 

depending on the instanc e , more correctly be terme d "limi tations" , 

" restricti ons " or " requirements" . 

6 . 3 . 4 . 1 Specification of Cons traints 

In this s tudy there were four main se ts  of " constraints" used : 

( 1 )  Nutritional Requirements of  the New Zealand Population This is 

considered to be a primary requirement of food production in New 

Zealand ( e . g .  Smith and McChesney ( 1 9 79 ) s tate : " The primary func tion 

of a food production system i s  to provide an adequate supply of food o f  

suitable nutritional quali ty • • • •  " ) .  These nutri tional requirements 

were estimated by using the R ecommended Dietary Allowances ( RDA ' s )  

recommended  by the National Academy of Sciences ( 1 980 ) . The RDA 

specify the minimum daily allowance for nutritional outputs The total 

requirement for each nutri tional output for N . Z .  population was 

cal culated knowing the RDA for each nutritional output for each 

population cohort ( National Academy of Sciences , 1 9 80 ) , and the total 

number in each population cohort ( N . Z .  Department o f  Stati s tics , 
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1 976 ) .  A s  no  population cohort data were available for 1 978-7 9 ,  the s e  

nutrient requirements h a d  to be scaled up for 1 978-79 , using the 

increase in population between 1 97 6-79  ( Department of  S tatisti cs ,  

1 98 0 ) . This a ssumed the same d emographic structure in 1 97 6  and 1 979 . 

( 2 )  Land Availability Const raint There is a limited amount of various 

classes of land available for agro-food production . The Ministry of  

Works and Development ( 1 9 82 ) Land Resource Inventory computer retri eval 

system was use d  to determine the amount of land ( in hectares ) 

available , by class ( 7 ) ,  subclass ( 4 )  and location ( North or  South 

Island ) .  This excluded land currently ( 1 9 7 8-7 9 )  used for o ther 

purposes , such as  forestry . The total amount of land was not allowed 

to exceed the 1 978-79 u sage o f  l and for agro-food production . Only 

certain production activities were allowed to be performed on certain 

classes of land . For example ,  Dairy farming could only use Class I ,  

II , III land . Sometimes there were climatic ( for  hor ticul ture ) or  

locational restrictions al so imposed on the  land use . 

( 3 )  Balance Equations Constraints  were placed on product rows , of > O ,  

t o  ensure that production ( or supply )  did not exceed the consumpti on . 

( 4 )  Collector Rows Constraints  were placed on some rows of = 0 , to sum 

the rest of the values in the rows , in a column which has had a - 1  

value entered . Murtagh ( 1 98 1 ) terms this programming "device" a 

collector row . 

It could be a rgued that for some seasonal industri es ( Beatti e ,  

1 979 ) ,  that there i s  a labour cons traint on production . However ,  in 

view of unempl oyment and unde remployment experienced in the New Zealand 

economy in the late 1 97 0 ' s  and early 1 980 ' s , it  could also be argued 

that a certain minimum level of employment should also be specified i n  

the model . In any case , no cons traint of any sort coul d be placed on 
labour because of  the lack of data concerning labour inputs into some 

sectors ( refe r  to section 6 . 2 . 4 . 2 ) .  

6 . 3 . 4 . 2  MPS Format 

Constraints a re entered in the RHS section of the MPS input . For 

example , i f  the total land area ( LAND ) should no t exceed 3 , 000 units ( 1  

unit  = 1 0  ha ) ,  this constraint would be ente red 

RHS 1 L AND 3 000 

The fact that i t  i s  l e s s  than 3000 units , is  specified in the rows 
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L LAND 

( L  meaning less  than ) . 

6 . 3 . 5  Bounds 

1 3 4  

"Bounds "� i s  the term used i n  L P  jargon t o  describe restrictions i n  

variable s  ( columns ) .  Due to the nature of the format ting there were 

more " bounds "  restri c tions , than " constraints" restrictions in this 

model - this i s  not usually the case . 

6 . 3 . 5 . 1 Specifi cation of  Bounds 

In this study there we re seven main sets of bounds restrictions 

used : 

( 1 )  Allowable Export Market s  There is a severe limit to the market 

size for most agro-food products which New Zealand exports . Due to t h e  

lack o f  quanti tative s tudies , and d u e  to uncertainties with many o f  

these markets , n o  e xact l imit on these market sizes can be made . The 

approach used here was to use various restrictions on market sizes , up 

to twi ce the 1 9 7 8- 7 9  leve l s ,  for all products . These sets of limits , 

are very important in determining the objective func tion value ( whe the r 

Q or DOLNET ) .  Therefore , i t  i s  particularly important that more 

quan titative research is under taken in this area . 

( 2 )  Restricted Imports In Run 2 ,  all imports were res tricted except  

three ( sugar , molasses and  food emul s ifiers ) which were very necessa ry 

for the func tioning of  the domestic market . 

( 3 )  Sector Activities In Run 1 (Standard Run ) , all sector activiti e s  

were s e t  a t  uni ty - that is at 1 9 78-79 levels . 

( 4 )  Fish Produc tion Limit s  Fish Production , for the purposes of th is  

analysis ,  was l imited to t he  1 978-79 level of production . It  is  

recommended that t hi s  l imit  should be set at the maximum sustainable 

level of the fisheries,  when these data become available . It  should 

be noted that for the inshore species ( Snapper , T revally and Terakihi ) 

that the annual catches are declining indicating that the maximum 

sustainable limit has been exceeded for these fisheries . Whereas , the 

opposite is occurring for c ertain offsho re fisheries ( pers . corn . 

Duncan, 1 984 ) .  

( 5 )  Home Production The home production of  fruit and vege tables was 
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assumed to have a n  upper limit equal to the 1 978-79 leve l . 

( 6 )  1 9 78-79 Final Demand fo r Food Ano the r  way of  specifying the 

domesti c  demand for food ( o ther than speci fying nutri tional 

requirements ) was to fix the level of final demand at the 1 978-79 

l evel , by placing bound rest rictions e qual to thi s level for al l food 

demand products . This had the effect of  placing greater emphasis on 

consumer preference . 

( 7 ) Non- negativity Res trictions As with most models non- negativity 

restrictions were placed on all variables ( refer to the general 

equation in sec tion 6 . 3 . 1 . 3 ) .  

6 . 3 . 5 . 2  M . P . S .  Format 

Bounds are placed on the Bounds section of the M . P . S .  input . For 

example ,  if fish produc tion ( FISH ) should no t exceed 1 9 78-79 leve l s , 

this rstriction would be entered 

UP B FISH 1 

( UP , s tanding for Upper Bound ) . 

6 . 3 . 6  Solution Method 

6 . 3 . 6 . 1 Preliminary Considerations 

There were a numbe r of limitations and restrictions which had to 

be cons idered before a method of solution could be e s tablished . 

Firstly , there was a limitation in the LP software package ( S c iconic)  
available on the Massey University computing system , which meant that 

problems with co e fficient matrices of greater than 1 200  columns could 

not be solved . Conseque ntly , all co efficient matrices could not be 

combined so to obtain a problem file of the total food-use problem , as 

the resulting file would be approximately 3000 columns by 700 rows . 

Secondly , expe rience in at tempting to solve some of  the more difficul t 

sub-problems which were s ubse quently use d , indicated that it  was 

improbable that a problem o f  this size  could be easily solved . 

In practice , the mos t  e fficient me thod ( in terms o f  CPU s econds used) , in 

obtaining a solution was to sequentially solve two sub-problems , termed 
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the "General Model" and the "Distribution Model " .  

6 . 3 . 6 . 2  Base Files 

The Base Files , formed the basic components to any LP problem , and  

were s tored on PRIMOS l evel of Massey University ' s  Prime Computing 

System : 

ROWS 

( i )  General - specifying the rows and types of rows for the General 

Model . 

( ii )  Dis tribution - speci fying the rows and types of  rows for the 

Distribution Model .  

COLUMNS ( Coefficient Matrice s ) 

( ii i )  Energy Transformation Mat rix 

( iv )  Production Matrix 

( v )  Processing Matrix 

( vi )  Export-Import Matrix 

( vii ) 

( viii ) 

( ix )  

RHS 

( x )  

( xi )  

BOUNDS 

( xii ) 

( xiii ) 

( xiv ) 

Distribution Matrix 

Household Matrix 

Catering-Hotels Matrix 

Nutri tional Requi rements 

Land Use Cons t raints 

Imports -equal to 1 97 8-7 9  leve ls  

Imports - up  to twice 1 978-79 level s 

Imports - l imited imports of  suga r ,  molasses and food 

emuls ifiers 

( xv )  Exports - equal to 1 978-79 levels 

( xvi ) Export s  - up to twice 1 978-79 l evels  

( xvii ) Sector Activities - equal to 1 9 78 -79 levels  

( xviii ) Fish and Household Production - up to 1 9 78-79 l evels 

( xix ) Domes tic Consumption equal to 1 978-79 levels . 

Adj ustments  could readi ly be made to these files , by using the editor 

programme available on the Prime system . 
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6 . 3 . 6 . 3  Models 

These base files were combined to form two sub-problems which were 

in this case sequentially solved 

( 1 )  General Model This cons isted of Basic  Files ( i ) , ( i ii ) , ( iv ) , 

( v ) , (vi ) ,  ( viii ) & (ix ) . For all RUNS , this mode l  was solved firs t , 

and the resul t s  of this solution were then used to sol ve the 

Dis tribution Model . 

( 2 )  Distribution Model This cons isted of  base files ( i i )  and ( vii ) .  

6 . 3 . 6 . 4  Runs 

All runs consisted of sequential solutions of the General Mode l  

and then the Distribution Model .  Various different const raints and 

bounds were appended to these models , in the various RUNS . These 

constraints and bounds were selected from files ( x )  - ( xviii ) .  In  this 

report only four RUNS are reported on . However ,  o the r Runs we re 

at tempted and other Runs are poss ible by using the library of Base 

Files in various combinations , and by us ing minor adj ustments to these 

Base Files . 

6 . 3 . 6 . 5  Global Opt imum Versus Separately Determined Optima 

Due to primarily practical reasons concerning the LP package , but 

also d ue to solution e fficiency ( in terms of  CPU seconds required ) ,  two 

separate determined optima we re used to find an overall solution . 

However , as  i s  often indicated in the l i terature ( e . g . D riebeek , 1 9 69 ) , 

these seperately determined optima may not e qual a global optimum . 

Evidenc e , fortunately does indicate that this i s  no t the case in 

this problem - or at  the least does indicate that the two separate 

optima do very closely sum to the global op t imum . Firstly , except for 

the case of  dried fruit and vegetables versus fresh fruit and 

vegetables , the mix of products selected by the General Model , did  not 

significantly influence the mix of  distribution routes selected by  the 

Distribu tion Model . Thi s  is because the minimum energy requirements  of  

distributing all products ( except dried fruit and  vegetables ) are  the 

same , as more or le s s  the same set of distribu tion routes are ava i l able  

for  a l l  products . The e ne rgy requirements of  distributing dried  fruit 
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and vegetables are less , because of  the reductions in weight . However ,  

evidence from Patte rson and Ear l e  ( 1 984 ) , indicated that this reduct ion in energy 
requir�ments for dried frui t  and vege tables i s  nearly offset by higher 

process energy requirements of  drying fruit and vege tables ; and this 

is  totally offset by the loss of  nutrients  during processing of  dried 

products ( Paul and Southgate , 1 978 ) .  Secondly , al though the 

D istribution Model is large in terms of  matrix size , this sector 

usually accounts for a relatively small portion of  tota l  energy use  

(� 8%  for  1 9 7 8-7 9 , according to  Patterson and Earle , 1 9 84 ) .  There fore , 

as the Dis tribu tion Model is solved secondly ,  the global optimum s hould 

not be critically affe c ted because of the low energy use of  the 

distribution sector . 

6 . 3 . 6 . 6  Computer S olution 

The .SCICONIC so ftware package , was used to solve the LP problems , 

derived from combining Base Files and Mode l s , into various R uns ( refe r 

Scicon , 1 98 1 ) .  This softwa re package provides algorithms for solving 

linear , non-linear and integer programming problems . I t  is based on 

the Simplex method , originally devised by Danzig ( 1 9 5 1  ) ,  which involves 

finding a basic feasible solution , and then approaching an optimum by 

an iterative process ( refer to Cooper and Steinberg ( 1 9 7 4 )  or o ther  

basic texts for further details ) .  

6 . 3 . 7  Recommended E xtens ions 

This  s tudy primarily concentrated on o btaining optimal solutions 

to Runs , and exploring how these solutions varied by inte rchanging sets 

of constraints and bounds . However ,  the use of  pos t-optimal ity 

analysis and parameteric programming , is  recommended as  a further area 

of research , using these solutions as a s tarting basis . Once optimal 

solutions a�e obtained , Ranging and Parametric Programming procedures 

are easi ly carried out by most commercial LP  packages ( refer to 

Murtagh , 1 98 1 ) .  One possibil ity would b e  to expl ore the impa c t  on the 

optimal solution by reducing the RHS vector LAND . In e ffect this would 

test the impact of using l and for o ther purposes than agro-food 

production - for example ,  for forestry or biomas s  production . Other 

s tudies have tlSed Parametric Programming to explore the impact  of  

reducing nutritional requirements ( refer to Edwardso n ,  1 9 7 4 ;  Ande r son , 
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1 975 ) .  I n  this way Paramet ric Progrruruning can b e  used t o  explore the 

trade-offs between important variables such as Land , Energy and Labour , 

assuming optimality . 
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7 GENERAL , P RODUCTION , PROCESSING AND EXPORT-IMPORT MATRICES 

7 . 1 General Matrix 

This coefficients matrix was used in all RUNS , and it  consisted o f  

equations representing t h e  objective function ( s ) ,  and the energy 

transformation matrix . 

7 . 1 . 1  Objective Functions 

7 . 1 . 1 . 1  Net Energy Yield ( Q )  

The maximisation o f  Net Energy Yield ( Q )  and the minimisation o f  

Net Energy Loss ( Q  loss ) ,  were used for the objective functions for 

Runs 1 , 2 & 3 .  A s  can be ascertained from the following equati on both 

functions are mathematically equivalent :  

Qgain - Qloss = Q ( Row 2 5 ) ( 7  . 1 ) 

where : 

( 1 )  Qgain = a 1 4 x 1 4 

a 1 4 = Q/DOLNET ( 4 1 . 04 n 1 ( m ) 2 ) . TJ/ $ 1 978-79 x 1 0 6 ) 

x 1 4 = DOLNET ( $ 1 978-79  x 1 06 ) 

( 2 )  Qloss = ��= l .(1=n -a x i i 

a . = quality coefficients for va rious primary energy 
l 

input classes : 

al , aa = -Q/Coal Inputs ( - 0 . 2 6 7 6  n 1 ( m2 ) . TJ/TJ . yr- 1 ) 

az , as = -Q/Oil Inputs ( -0 . 48 6 4  n 1 ( m2 ) . TJ/TJ . yr- 1 ) 

a3 ' a1 o = -Q/Natural Gas Inputs ( - 0 . 4 8 6 4  n 1 ( m2 ) . TJ/TJ . yr- 1 ) 

a4 ' a1 1 = -Q/Hydroelectricity Inputs ( - 1 . 0000 n 1 ( m2 ) . TJ/TJ . yr- 1 ) 

as ' = -Q/Wood Inputs ( - 0 . 1 888 n 1 ( m2 ) . TJ/TJ . yr- 1 ) 

a6 , a 1 2 = -Q/Capital Inputs ( -0 . 53 1 3  n 1 ( m2 ) . TJ/TJ . yr- 1 ) 

a7 , al 3 = -Q/Imports Inputs ( - 0 . 44 1 5  n 1 ( m2 ) . TJ/TJ . yr- 1 ) 
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X = variables for various primary energy input classes : i 

X1 ,  Xa = Direct and Indirect Coal Inputs ( TJ . yr
- 1

) 

x2 , x9 = Direct and Indirect Oil Inputs ( TJ . yr
- 1 ) 

X3 ' X1 o = Direct and Indirect Natural Gas Inputs ( TJ . yr
- 1

) 

X4 , x1 1  = Direct and Indirect Hydroelectricity Inputs ( TJ . yr
- 1

) 

Xs = Direct Wood Inputs ( TJ .  yr 
- 1

) 

x6 , x 1 2 = Direct and Indirect Capital Inputs ( TJ . yr -
1

) 

X7 ' X1 3 = Direct and Indirec t  Imports Inputs ( TJ . yr
- 1

) 

The values of  the coefficients were derived from the following sou-

-Q/Coal In2uts2  -Q/Oil In2uts 2  -Q/Natural Gas InQuts 2 

-Q/H�droelectricit� InQuts and -Q/Wood In2uts were 

d irectly abstracted from Section 4 . 6 . 5 . 

-Q/ImQorts InQuts :  The P rimary Energy Inputs (� H )  of  

23  OECD countries from which New Zealand imports goods from , wer e  
considered to be reasonably representative of the Primary 

Energy Inputs ( �H )  required to produce goods for import into 

New Zealand, as according to an analysi s  of the External Trade 

Stati stics b 1 %  of New Zealand goods are imported from these 

countries . The refore , a weighted mean , hydroelectricity equiva­

lent [ n 1 ( m 2 ) ] :  to primary energy input ( �H ,  TJ) ratio , for these 

countries was calcul ated , using energy consump tion data of OECD 

countries ( OECD , 1 9 8 1 ) .  This mean was weighted according to 

the amount of goods imported into New Zealand from each OECD 

country . 

( 3 )  -Q/Ca2ital InQuts :  The same mix of Primary Energy Inputs 

( � H ,  Coal , Gas , Oil , Elect . ,  Imports ) ,  used in the New Zealand 

economy , was assumed to be required to produce the Capi tal Output 

of the New Zealand e conomy . On this basis , a we ighted mean , 

hydroelectricity e quivalent [ n 1 ( m2 ) ] : primary energy input 

( � H ,  TJ ) ,  for capital was calculated ( refer to Table 7 . 1 ) .  

( 4 ) Q/DOLNET : This was calculated by : 

( a )  multiplying the imports o f  oil  ( 1 73 x 1 0 3 TJ ) for 1 97 8 ,  

obtained from the Department o f  Statis tics ( 1 9 8 0d ) ,  by 

the qual ity coefficient for oil ( 0 . 4864  n 1 ( m2 ) . TJ ) ,  to 

obtain imports of  oil in quality equivalent  te rms 
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Table 7 . 1 :  Calculat ion o f  a Hydro-Elec tricity Equivalent ( n
1

(m
2

) ) :  

Primary Energy I nput ( �H )  Ratio for the New Zealand Economy 

Primary I nput 1 !1H 2 n
1

C m
2

) /!1H 3 n
1 

( m
2

) 

Coal  47  0 . 2 6 76 1 2 . 5 7 7 2  

Oi l 1 92 0 . 48 6 4  9 3 . 8 7 5 2  

Hydro 7 0  1 . 0000 7 0 . 0000 

Gas  47  0 . 5 1 06 2 3 . 9 982 

Import ed 1 2 0  0 . 44 1 5  5 2 . 9800 

TOTAL 4 7 7  N . A 2 5 3 . 4 3 0 6  

1 .  Energy I nput s  into t h e  N ew Z e aland Ec onomy 1 9 7 8 - 7 9  ( N . Z .  Yearbo o k ,  
1 980 ; Baine s , P e e t  and Currier , 1 98 1 ) .  

2 .  Co lumn 1 x C olumn 2 .  

3 .  Hydro-Ele c t r i c i t y  Equival ent ( n
1

C m
2

) ) :  Primary Energy · I npu t Ra t i o  ( !1H )  
EColumn 3 f  EC o lumnl = 0 . 5 3 1 3 . 



1 4 3  

' ( 84 . 1 472 n 1 ( m2 ) . PJ ) .  

( b )  multiplying the imports o f  merc handise ( 1 1 4 x 1 0 3 TJ ) 

for 1 97 8 ,  obtained from Car te r ,  Peet and Baines ( 1 9 81 ) ,  

by the quality coefficient for imported merchandise 

( Q/Imports ) ,  to  obtain imports of  merchandise in 

quality e quivalent terms ( 50 . 33 1 0  n 1 ( m2 ) . PJ ) . 

( c )  --calculating the value of all import s ,  from 

the D epartment of Statistics ( 1 9 80d ) for 1 978-79 

( $3 , 27 6 . 6 5 5  X 1 06 ) .  

( d )  Adding ( a ) and ( b ) , and dividing the sum by ( c ) , to  

obtain a weighted mean qual ity coefficient ( 4 1 . 04 Q/DOLNET ) for 
all Imports ( Oi l  and Merchandise ) . This is a weighted mean , 

which assumes that the ratio of oil : merchandise 

imports remains the same as  for 1 978- 7 9 .  The comparative 

coefficients for Oil and Merchandi se import s respectively 

are 1 6 6 . 1 Q/DOLNET and 1 6 . 7/Q  DOLNET . 

An auxillary e quation was written to convert th e value of  food 

imports ( DOLNET expre ssed in negative terms ) to quality equivalent ( Q ) , 

assuming the Q/DOLNET ratio . 

7 . 1 . 1 . 2 Net Dollar Yield ( DOLNET ) 

The maximisation of  Net Dollar Yield ( DOLNET ) was used as the 

objective function for Run 4 .  The following equation represents this 

function ( row 27 ) :  

where : 

�i=l 
. a2 s .  X · l=n l l 

a2 5i = DOLNET earnings for e xports ( + ) and imports ( - )  

( 7 .  2 )  

for i food products ( expressed in $ 1 9 7 8-79  x 1 06 ) 

a2 , a9 = DOLNET/primary oil inputs ( 0 . 00292834 $ 1 978-79  x 1 06 I 

TJ . yr � 1 ) 

a1 , a1 3  = DOLNET/primary imported inputs ( 0 . 02430 1 3  $ 1 978-79 

x 1 06 IT  J.  yr ·1 ) 

x . = exported , imported products ( usually 000 tonnes ) l 
x2 , x9 = Direct and indirect  oil inputs ( TJ . yr - 1 ) 

x, , x1 3  = Direct and Indirect Imported Inputs ( TJ . yr -1 ) 
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This means that the sum of the objective function row ( row 2 7 ) ,  is  

equal t o  the ne t  export earnings agro- food products , once the  cost of  

a ll  necessary imports of oil , me rchandise and food are subtr acted . 

The values of the coefficients we re d erived from the following 

sources : 

( 1 )  DOLNET/i food products : These coefficients were obtained 

from the External Trade Statis ti cs , published by the Department 

of Statistics ( 1 9 8 0a ) . 

( 2 )  DOLNET/Primary Oils Inputs :  These coefficients were calcu­

lated by dividing the value ( $ 1 9 78- 79  x 1 0 6 ) of oil imports into 

New Zealand for 1 9 7 8-79 obtained from the Departmen t of 

Statistics ( 1 9 80a ) , by the calorific value ( TJ )  of  oil imports 

into New Zealand for 1 978-7 9 .  

( 3 )  DOLNET/Primary Imported Inputs : Thes e  coefficients were 

c alculated by dividing the value ( $ 1 9 7 8- 7 9  x 1 0 6 ) of imported 

merchandi se for 1 978-79 obtained from the Department of 

S tatistics ( 1 98 0a ) , by the primary energy requirements ( TJ )  of 

the merchandise obtained from Carter , Peet and Baines ( 1 9 8 1 ) .  

7 . 1 . 2 Energy Transformation Mat rix 

The energy transformation matrix includes the a ri thmetic for 

summing the various primary energy inputs ( TJ. yr- 1) into the sys t em , and 

for conve rting these primary energy inputs (6H ) into qual ity equivalent 

terms ( TJ . nd mz ) . yr. 1) ( re fe r  to table 7 . 2 ) : 

Rows 1 - 7 

Row 8 

Rows 9- 1 4  

These rows a re direct primary energy inputs of  Coal , 

Oil , Gas , Hydroelectric ity , Wood , I mported Energy 

and C apital E nergy ( TJ . yr- 1 ) .  These a re the c lassi­

fications of  primary energy inputs use d  by Carter , 

Peet and Baines ( 1 9 81 ) ,  and ado pted in this analysis . 

The sum of  each one of  these inputs i s  e qual to the 

activity of  the respective column . 

Thi s  row s ums all the direct primary energy inputs 

into the system ( TJ. yr· 1 ) • 

These rows are indirect primary energy inputs of  

Coal , Oil , Gas , Hydroelectricity , Imported Energy , 

and Capital Energy ( TJ. yr- 1 ) .  These are classifi­

cations of primary energy inputs used by Carter ,  



Tab l e  7 . 2 :  Energy Transformat i on Matri x ,  for New Zea l and Food System �lodel ( 1978-79)  

� s 

1 D Coal 

2 D O i l  

3 D Gas 

4 D E l ect 
5 D Wood 
6 D Impor 
7 D Captl 
8 D Total 
9 X Coal 

10 X Oi l 
1 1  X Gas 
1 2  X E l ect 
13  X Impor 
14  X Captl 
15  X Total 
16  Total 
1 7  Q Coal 
18 Q O i  1 
19 Q Gas 
20 Q E l ect 
2 1  Q Wood 
22 Q Impor 
23 Q Captl 
24 Q 
25 H 

1 

D Coal 

- 1  

0 . 2676 

0 . 2676 
1 .0000 

2 

D O i l  

- 1  

0 . 4864 

0 . 4864 
1 . 0000 

3 

D Gas 

- 1  

0 . 5 106 

0 . 5 106 
1 . 0000 

4 5 6 

D El ect D Hood D Impor 

-1 

- 1  
- 1  

1 .0000 
0 . 1888 

. 0 . 44 1 5  

1 . 0000 0 . 1888 0 . 44 1 5  
1 .0000 1 .0000 1 . 0000 

7 8 

D Captl X Coal 

-1 

- 1  

0 . 2676 

0 . 5313 
0 . 5313 0 . 2676 
1 .0000 1 .0000 

9 

X O i l  

- 1  

0 . 4864 

0 . 4864 
1 .0000 

--·-·-

10 

X Gas 

- 1  

0 . 5 106 

0 . 5 106 
1 .0000 

1 1  

X El ect 

- 1  

1 .0000 

1 . 0000 
1 .0000 

1 2  

X Impor 

-1 

0 . 44 1 5  

0 . 4415  
1 . 0000 

13 

X Captl 

- 1  

0 . 5313 
0 . 5313  
1 . 0000 

Con-
stra i nt 

= 0 

= 0 

= 0 
= 0 
= 0 
= 0 

= 0 
> 0 

= 0 

= 0 
= 0 
= 0 

= 0 
= 0 
> 0 
> 0 
> 0 
> 0 

> 0 

> 0 
> 0 
> 0 
> 0 

> 0 
> 0 

I 

1-' 
+>­
Ul 



Row 1 5  

Row 1 6  

Row 1 7 -23 

Row 24 

Row 2 5  

1 4 6  

Pee t  and Baines ( 1 98 0 )  and adopted i n  this analysis . 

The sum of  each one of  these inputs is e qual to the 

activity of the respective column . An indire c t  

energy input , refers t o  an energy input into the 

food sys tem via some good or s e rvice used in 

the sys tem . 

This row sums all indirec t primary energy inputs 

into the system ( T J . yr- 1 ) .  

This row sums all total ( direct plus indirec t )  

prima ry energy inputs into the sys tem ( TJ.  y r  · 1 ) .  

These rows conve rt the sum of  each primary 

energy input ( TJ .  yr ·· 1 ) ,  to hydroelectricity 

equivalents ( TJ . n 1 ( m 2 ) . yr ' 1 ) by us ing the 

appropriate conversion factor ( refer to sec tion 

4 . 6 . 5 ) . 

This row sums the primary energy inputs into the 

sys tem expressed in terms of hydroe lectricity 

equivalents [ n 1 ( m 2 ) ] .  This row was often used as 

the objecti ve function . 

This row s ums the primary ene rgy inputs into the 

sys tem expressed in terms of  enthalpy ( tH ) val ue s . 

It is equivalent to row 1 6 .  

7 . 3  Production Matrix 

7 . 3 . 1 Introduction 

The P roduction Sectors , are de fined as those sectors which produce 

biological mate rials from primary resources , ready for food processing 

or direct consumption as  food . Specifically , they include the 

following sectors :  

( 1 )  Factory Supply Dairy Farms 

(2 ) Town Supply Dairy Farms 

( 3 )  Pig Farming 

( 4 )  South Island High Coun try 

( 5 )  South Island Hill Country 

( 6 )  North Island Hard Hill Country 

( 7 )  North Island Hill'· Count ry 

( 8 ) North Island Intensive Fat tening 

FDFAR 

TDFA R  

PIG 

SHIGH 

SHILL 

XHHILL 

XHIL L  

XIFAT 
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( 9 )  South Island Fat tening-Breeding 

( 1 0 )  South Island Intensive Fat tening 

( 1 1 )  South Island Mixed Cropping and Fattening 

( 1 2 )  Mixed Livestock and Other Farming 

( 1 3 )  Cropping 

( 1 4 )  Horticulture and Production Not Elsewhere Classified 

( 1 5 ) Poul try Farming 

( 1 6 )  Fishing 

Readers should re fer to Pat terson and Earle ( 1 9 84 ) for 

detailed definitions of these sectors . 

7 . 2 . 2  Energy Inputs 

7 . 2 . 2 . 1 Previous Studies 

SFAT 

SIFAT 

SMI X C  

XMIXL 

CROP 

HORT 

POULT 

FISH 

more 

Previous s tudies have at tempted to es timate the energy 

requirements of the Production Sec tors of the New Zealand Food Sys tem . 

Brown and Pearson ( 1 9 7 7 )  es timated that the mean Gross Energy 

Requirement ( G . E . R . ) of  the production sector  for the years 1 97 1 - 7 2  to 

1 975-76  to be 22 , 590 TJ/yr ( this e xcluded fishing ) . Pearson and Corbet 

( 1 976 ) estimated the G . E . R .  of the production s ector ( excluding 

fishing ) to be 20 , 000 TJ/yr , but acknowledged that the G . E . R .  migh t  be 

as high as  25 , 000 TJ/yr when all "minor" inputs a re taken into account . 

Smith and McChesney ( 1 97 9 ) estimated the G . E . R .  o f  the produc tion 

sec tor to be about 3 1 , 000 TJ/yr . In the mos t recently published 

analys i s ,  McChesney , Sharp and Hayward ( 1 9 8 2 ) ,  indicate d  that the 

G . E . R .  of  the production sectors ( excluding fishing ) is  4 4 , 000 TJ/yr , 

when the energy requirement of  energy is taken into accoun t . 

Mos t of the variances in the resul t s , are due to methodological 

rea.sotls . Firstly , the earlier studies did not conver t  consume r energy 

inputs back to primary energy inputs - that i s , did not take account of  

the energy requirement of energy . Se condly , as  these  studies 

progresse� more and more of the seemingly minor inputs were recogn ised 

and taken account of , therefore increasing the estimates . 

Rbepen ( 1 98 1 ) examined energy use in the fishing secto r ,  whi c h  had 

largely been ignored in the above men tioned studie s . It was es timated 
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that the G . E . R .  of the fishing sector was about 1 , 600  TJ/yr . As wit h  

the other s tudie s , this s tudy d i d  not take ac coun t  of the energy 

requirement of energy , and disregarded some inputs . 

1 . 2 . 2 . 2  Patterson and Earle ( 1 9 84 ) Study 

Due to the incompleteness of the above s tudies and the 

inconsistencies of the approaches employe d ;  it was considered 

necessary to re-analysi s  energy use in the production sectors . 

As can be asce rtained from Table 7 . 3 ,  the Total Energy 

Requirement s  ( TJ/yr ) o f  the Production Sector were es timated to be 

4 8 , 599  TJ/yr . The Gross Energy Requirement was 4 9 , 925 TJ/yr ( this 

includes inputs such as  feed from o ther sectors in the food system ) .  

Direct energy use accounts for only 28% of  the Total Energy 

Requirement s  ( TER ) . Fuel ( 2 1 . 6% of  the TER ) is  the main direct energy 

requirement , with e l ec tricity use being comparatively minor ( 2 % of  the 

TER ) . Fuel which i s  almos t  en tirely petrol eum and diesel is  required 

to provide mechanical energy for tractors , harve s tors , road vehicles 

and other miscellaneous e ngines . Electricity is  required to operate 

mil king equipment , shearing equipment ,  pumps , lights and to heat water  

particularly on dairy farms . 

Indirect energy use accounts for 72% of the T . E . R .  The main 

ind irect  energy requirement is the energy embodied in fer til izers , with 

lesser amounts embodied in the supply of feeds , capital items , service 

and transport inputs ( refe r  to Patterson and Earle , 1 9 84 for further 

detailed information about these inputs ) .  

Sheep and beef production requires the most  energy ( 57%  of  the 

G . E . R . ) requi red by the production secto r .  This is  primarily because 

it  is the main land use in New Zealand , rathe r than its energy 

intensive nature . Dairy farming industry was the other main a rea of  

energy u se  (23% of  t he  G . E . R . ) .  Dairy farming was more energy 

intensive having an energy intensity ranging from 7 . 6  to 8 . 8  GJ/ha , 

compared with a national mean of 1 . 2 GJ/ha for beef and sheep 

production ( Smith and McChesney , 1 979 ) .  Other industries such as  

cropping , orcharding , market gardening and fishing ac count for the 
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CLASS 
Fuel  

'-·--· 

Factory Supp l y  Dai ry Farms 
Town Supp ly  Dai ry Fa rms 

South I s l and  H i gh Country 

South I s l and H i l l  Coun try 
North I s l and  Har d H i l l  Country 
North I s l and H i l l  Country 

North  I s l and I nten s i ve Fatten i ng  

Sou th I s l and Fatten i n g - B reed i ng  
South I s l and I n ten s i ve Fatten i ng  
South  I s l and Mi xed C ropp i ng  & Fatten i ng  
Mi xed L i vestock and  Other  Fa rm i n g  
Cro pp i ng 
Horti cu l tu re and Producti on NEC 
Poul try Farmi ng  c 

P i g Farmi ngc 

F i s h i ng I 
--�--------�- ·-- · - *' 

TOTAL ( Pr imary Energy Req u i rements ) 

2 , 742 
642 

1 22  
308 
290 
764 

5 1 7  
1 , 3 1 5  
1 , 107 

905 
864 I 2 , 085 1 
675  

I 
141  I I 
1 2 1  I 

I 
1 , 0 14  i 

I 

13 , 6 1 2  

D I RECT 

E l ectri ci ty 

934 
154 

4 
10 
10  
26 

18 
45 
38 
31 

1 10 
70 

162  
98 
86 

9 

1 , 805 
-�---- ��--- ---.!. ------ -' __ .., ___ 

TOTAL ( Cons umer Energy Requ i rements ) 1 2 ,488 

a .  Data deri ved from Patterson and Ea rl e ( 1984 ) 

1 ' 1 72  

Other  ) Tota 1 
I 

lOO ! 3 , 776  ! 
18  I 814  

1 1 2 7  
3 322 
3 303 
8 798 
6 541  

14  1 , 374 
1 2  1 , 1 57 
10  945  
16 990 
23  2 , 1 76  
19  856 
10  247 
8 2 1 5  

9 1 , 031  

260 1 5 , 672  
__ .. , 

- 13 , 660 
1 

b .  Al l requ i rements are expressed  i n  pri mary energy terms , except where speci fi ed . 

I ND I RECT 

Fuel E l ectri ci ty ' Other 

3 , 578 255 2 , 064 
481 33 2 74 
2 1 7  1 4  107  
644 36 334 

1 , 160 64 570  
2 ,468 1 36 1 , 299 
1 ' 778 1 1 5  908 
2 , 105 1 2 2  932 
1 , 563  97  764 

908 6 1  460 
2 , 629  3 19 1 , 374 

956 56  309 
1 , 269 7 1  837 

2 1 2  28 103 
1 55 6 30 
745 37 237 

20 ,868 1 ,450 10 ,602  
----·-··- ---------·�----...., 

- - -

- f 
.. · 

/ TOTAL 
Total 

,...,....,-,,�� 

5 , 900 9 , 676  
788 1 , 602  

338 467 
1 , 0 14 1 , 336 
1 , 794 2 , 097  
3 , 903 4 , 70 1  

2 , 80 1 3 , 342 
3 , 159  4 , 533 
2 ,424 3 , 581 
1 , 429 2 , 374 
4 , 322  5 , 3 1 2  
1 , 3 2 1  3 ,498 
2 , 178  3 , 034 

344 590 
190  405 

1 ,020  2 , 05 1  

32 ,925  48 , 599  

- -

c . The ene rgy req ui rements  of  foo d ,  fee d  i s  not  i n c l uded . Th i s  fi gure i s  taken  account of  i n  the pro ces s i ng sector ana l ysi s ,  
and i s  no t i n c l uded here as  i t  wo ul d l ead to doubl e co unt i ng  when determi n i ng the gro s s  energy requ i remen ts o f  the food  system.  

,_. 
+:­
\0 
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remainder of the energy use in the production sector ( 1 8 %  of  the 

G . E . R . ) .  

7 . 2 . 3  Land Inputs 

7 . 2 . 3 . 1 Quantitative Land Requirements of the Production Sectors 

The amounts ( 000 ha ) of land required by each production sec t o r ,  

are detailed b y  Table 7 . 4 , along wi th the Gross Energy Requirements  

( TJ/yr ) and the Ene rgy Intensities ( GJ/yr/ha ) of each  sector . 

The less energy inte nsive ( G J/yr/ha ) bee f  and sheep sectors 

require the mos t land , wh ile the more energy intens ive sectors 

( GJ/yr/ha ) require the leas t amoun t of land . Howeve r , it should be 

recognised that these large amounts of land requLr�d fo r beef and sheep 

produc tion are large requirements for low class land ( land classes  V 

to VII ) .  Whe reas , the small amounts of  land required for dairy 

farming , horticulture and other intensive fo rms of produc tion , are 

small requirements for high class land ( generally land classes I and 

I I ) .  

7 . 2 . 3 . 2  Land Class Requirements of  the Production Sectors 

Land can be classified accord ing to how versatile  the land is  for 

sus tained produc tion taking into account physical limitation ; such as 

soil productivity , erosion features , cl imate and land gradient . On 

this basis , the Ministry of Works and Development ( 1 9 7 9 )  classifi e s , 

land into e ight c lasses , with Class I land having the less l imita t ions for 
productive use and Class VIII having the mos t  limitations for 

productive use . Table 7 . 5 ,  and Fig . 7 . 1  further explain and deta il 

the bases of this land classific ation . Each main class is  sub-divided 

into sub-classes , according to the main limitation on that class o f  

land . These sub- classes are : e ( erosion ) ,  w ( we tness ) ,  s ( soil )  and 

c ( climate ) .  Where two or more kinds  of  l imitations a re e ssentiall y  

equal , the sub-classes are given the following priority for record ing 

purposes : e , w , s and then c .  

For each production sec tor , only certain classe s ' o f  land a re 

suitable for the type of production activities pra c ti se d  by that 



Tab l e  7 . 4 :  Land Requ i rements ( OOOha ) and Energy I n tens i t i es ( GJ/yr/ha ) for Producti on  Sectors of  New Zea l and Food Sys tem 

r . .  � 

Sector Land Requ i rements a I Gross  Ene rgy Req ui rements b I Energy I ntens i tyc 

( 000 ha ) ( TJ/y r )  ( GJ/yr/ h a )  

Factory Supp ly  Da i ry Fa rms 1 , 236 10 , 197  8 . 25 
Town Supp ly  Da i ry Fa rms 136 1 , 767 1 2 . 99 
South I s l and  H i gh Country 3 , 207 475  0 . 1 5 
South I s l and H i l l  Coun try 1 , 850 1 , 383 0 . 75 
North I s l and Har d H i l l  Coun try 1 , 309 2 , 122  1 . 62  
No rth I s l and H i l l  Country 1 , 963 . 5  4 , 750 2 . 42 
North I s l and  I ntens i ve Fatten i ng 876 3 ,464 3 . 95 
South I s l and Fatteni ng - B reed i ng  1 , 460 4 , 601  3 . 1 5 
South I s l and  I ntens i ve Fatteni n g  681  3 , 625  5 . 32 
South I s l an d  Mi xed C ropp i ng and Fatteni ng  383 2 , 396 6 . 26 
C rop p i ng 39 1 3 , 592 9 . 19 
Fi s h i ng 0 2 , 051  N . A .  
Horti cu l ture and P roducti o n  NEC  82  3 , 034 37 . 00 
M i xed L i ves toc k  and Other Farmi ng  2 , 582 5 , 478 2 . 12 
P i g  Farmi n g  19  1 , 025  53 . 95 
Pou l try Farmi n g  8 1 , 296 , 162 . 00 

!------------------+-------+------�-··· ... �-�···'"� t 
TOTAL ( Co l umns 1&2 ) Mean ( Co l umn 3 ) 16 , 183 . 5  ! · 49 , 599

d i 2 . 94 l f 

! ---- ,, __ _L ______ __ _ 

a .  Patterson  and Ea rl e ( 1984 ) 
b .  Patte rson and Earl e ( 1984 ) 
c .  Col umn 2 7 col umn 1 ( excl udi ng fi s h i n g )  
d .  G . E . R . ' s  are not addi t i ve . 

...... ... � .. ·�----�--- · l 
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Croppin g  *General Pas toral & *General Clas s  Produc tion Fo res try Suitab il i ty Suitab il ity Sui tab i l i ty 

i 
High 

i i  Mul t iple 
Use 

High Land 
iii Medium 

iv Low 

V Pas t oral or 
Fores try 
Land 

vi I Med ium 
I 

vii I Unsuitable Low 
i 
! I 

viii l Unsui table Ca t chmen t 
I Protec tion 
I Land I 
I 

* Land use capab ility classes  iv - vii which have \ve tn ess  as  the maj or 
l imi ta tion and tho s e  units  in very low rain fall areas or those occurring 
on shallow soils are no rma lly not su ited t o  produc t i on fores t ry . 

Figure 7 . 1 : Land use sui tab i l i ty o f  class i to viii land ( sourc e : 
MOWD , 1 9 7 9 )  



1 ao 1 e / . � :  Ueti n i t i on o f  Land Use Capab i l i ty tTasses 

C l a s s  I :  Th i s  is  the mos t  versati l e  mul t i p l e-use l and wi th  vi rtual l y  no 
l i mi ta t i ons  to  arab l e  use . I t  i s  h i gh ly  s u i tab l e  for the growi ng  o f  a w i de 
range o f  cul t i vated crops , pas ture or forests . 

It i s  fl a t ,  or nearly fl a t ,  l and w i th deeo , eas i ly worked s oi l s .  These are 
usual ly  wel l suppl ied wi th pl ant nutrients and are respons i ve to app l i ed 
ferti l i sers . The c l i mate i s  favoura b l e  for the growth of a w ide range of  
pl ants and there i s  l i tt l e  ri sk  of  eros i on .  

C l a s s  I. l and i s  confi ned a lmo s t  enti re ly to sma l l  areas o f  wel l -dra i ned so i l s  
deri ved from a l l uv i um ,  l ocated most ly  on the former fl ood p l a i ns o f  the l a rger 
ri vers . It occurs throughout New Zea l and but i s  very l i mi ted i n  total area . 

C l a s s  I I :  Th i s  i s  very good l and vli th s l i ght  l imi tati ons to arab l e  use wh i ch 
can be readi ly  overcome by management and conservat ion  practi ces . The l a nd may 
be used for cul t i va ted crops , pas ture of fores try . llo s t  C l a s s  I !  l and i s  fl a t  
o r  undul at ing  w i th the most common l i mi tati ons bei ng wetness ,  s l i gh t  textural 
prob lems , or sha l l ow so i l s .  

C l a s s  I !  l and i s  more wi despread and abundant i n  New Zeal and than C l ass  I l and . 
Soi l s  are deri ved ma i n ly from al l uv i um ,  al though some i n  the North I s l and have 
devel oneJ on fi ne-textured vol can i c  ash . 

C l a s s  I l l :  Th i s  c l as s  of l a nd has moderate l imi ta t i ons  to arab l e  use wh ich  res tr ict  
t h e  � cho i ce of crops abl e to be grovm and/or make spec i a l  conservat ion  pract i ces 
necessary .  I t  may be used for cu l t ivated crops , pas ture o r  fores try . 

C l a ss  I I I l and i s  vl i dely d i s tri buted throughout New Zea l and . I t  corrmonly  occurs 
on undu l a ti nt] to ro l l i ng country v1h i ch has a moderate eros i on r i s k  when cul t i va ted , 
on sha l l ow and s tony soi l s  of p l a i ns and terraces , and i n  narrow r i ver va l l eys  
1·1herr' runoff from adjacent h i l l s  g i ves r i se to v1etness 1 ir1i tations . 

C l a s s  I V :  Th i s  l and has severe l i mi tat i ons  to arabl e use . These l imi tat ions  
sumstant i a l ly reduce the range of crops wh i ch can be g rown and/or make i nten s i ve 
conse rva tion trea tment and careful  management necessary .  I n  genera l , C l a s s  I V  
l and i s  su i ted only t o  occa s i onal cropp ing , b u t  i s  wel l s ui ted to pastoral and 
for·es try use . 

The most common l i mi tations  to use are eros i on ,  s hal l ow ,  s tony and/or l ow ferti l i ty 
soi l s ,  excess i ve wetness and other effects of c l i mate such as those assoc i a ted 
\� i t h ,1 l t i tudP . 

C l as s  I V  l and i s  wi dely d i s tri buted throughout New Zea l and common ly  occurri ng  on  
undu l a t i ng to  strongly ro l l i ng country .  I t  occurs i n  s i mi l a r  s i tua t i ons  a s  C l a s s  I l l  
l and but the l imi tat i ons a re more oronounced and a re therefore more res tri ct i ve 
to cropp i ng .  

C l a s s  V :  Th i s  i s  h i gh produci ng l and wh i ch has l imi ta t i ons  whi ch make i t  unsui tab l e  
for cropp i ng but v1h i ch has only s l i gh t  l imi tat i ons to pas toral o r ,  i n  general , 
forestry use . The mos t  common l imi ta t i ons  wh i ch prec l ude a rabl e use are s l ope , 
the presence of boul ders and rock outcrops ,  or excess i ve wetness .  Ero s i on i s  not  
a domi nant l imi tati on in  thi s c lass  as the  l and is  rel ati vely s ta b l e  under a 
permanent vegeta t i ve cove r .  C l a s s  V l and i s  l im i ted i n  i ts occurrence i n  New Zea l an d .  
I t  i s  general ly  confi ned to very s tabl e h i l l  country a n d  l ocal i sed a reas of  ri ver 
fl ats . 

Class v r : Thi s  i s  non-a rab le  l and wh i ch has moderate l i mi tati ons  and hazards 
under a peren n i a l  vege tat ion  cover . Eros i on i s  corrmonly the domi nant l imi tati on  
on Cl ass  V I  l an d .  However ,  i t  c a n  b e  mi n imi sed by appropri a te s o i l conserva t i on 
measures . So i l  l imi tati ons a l so common ly  restr ict  use but  wetness and c l i ma t i c  
factors are l e s s  dom i nant  l imi tati ons . 

C l a s s  V I  encompas ses most of New Zea l and ' s  good , re l a t i vely  stab l e ,  h i l l  country , 
but can i nc l ude s tony and shal l ow so i l s  o f  fans a nd terraces . 

C l a s s  V I I :  Thi s  land  i s  unsu i table  for arab l e  use and has severe l imi tat ions  o r  
hazards under a peren n i a l  vegetati on . Wi th few excepti ons  i t  can  on ly  support 
extens i ve grazi ng or ero s i on control forestry . The l i mi ta t i ons to use  of C l a s s  V I I  
l and are s i mi l a r  to those affect ing  Cl ass  V I  l and but are i ntens i fi ed .  Ri sk  of  
eros i on i s  frequently the  domi nant l imi tati on maki ng careful conservat i on management 
for grazi ng use neces sary .  C l as s  V I I  l and can al s o  have severe s oi l , wetnes s  o r  
cl i ma t i c  l imi tati ons . Land of C l a s s  V I I  i s  w i dely  d i s tributed and i nc l udes much 
of the s teeper and more erodi b l e  North I s l and h i l l  country as  wel l  a s  South  I s l and 
' h i gh country ' .  I t  a l s o  occurs , a l though to a l es ser extent ,  on  the sha l l ow ,  s tony 
and/or l ow fert i l i ty so i l s  of the fans and terraces ( i nc l ud i ng ' paki h i ' l a nd ) .  

C l a s s  V I I I :  Th i s  l and has very severe to extreme l imi tat ions  o r  hazards whi ch make 
it unsui tab l e  for arab l e ,  pastora l , or  p roduct ion  forestry use . Soi l conserva t i on 
and water management are the ma i n  on-s i te and off- s i te concerns i n  the use o f  th i s  
l and . I t  i s  sui tab l e  for catchment protec t i on purposes , whi ch i ncl ude water 
management i n terests , and a l so for recreational  uses . 

The mos t  common l imi tat ion  to use i s  extreme actual o r  potent i a l  eros i o n .  Th i s  
may be comb i ned w i th severe c l i mati c l imi tati ons . 

C l a s s  V I I I  l and i s  mai n ly  h i gh ,  mountai nous country a l though i t  may i ncl ude very 
s teep s l opes and a l so h i gh l y  erod i b l e  areas at l ower a l ti tudes , such as fore dunes . 

Source: 11i n i  stry of �larks and Deve lopment ( 1979)  
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sec tor . For example ,  Dairy Farming is generally practised on Class I 

and III land , al though i t  can be prac tised on Class IV land in some 

circumstances . The productivity of the lower  classes of land is 

insufficient to sustain Dairy Farming , at its present level of  

intensity . There are some di fficul ties in e s tablishing what land 

classes , can sustain the production activities of certain sectors . 

Firstly , the production activities of  a pa rticular sec tor are somewhat 

varied in some cases . Therefore , al though mos t  of the produc tion 

activities of  a given sector can be sustained on a particular range of 

land classes , some of the produc tion ac tivities of that  given sec tor  

may be able t o  be  sus tained in  lowe r class  land . In such cases , the 

predominant production activity of a particular sector , is  assumed for 

establishing the s u i t ab le land classe s of that sec tor . Secondly , the 

land classes suitable for a particular production activity , is  no t only 

dependent on physical limitations , but on the c urrent technological 

limits ·and management practices . In this study , the current use of  

technology and management prac tices were as sumed . Locat ional factors 

can al so importantly determine , the land requirements for a given 

production activity . This is  obviously important in Town Supply Dairy 

Farming , Market Gardening and Poultry Farming , as  it  is  particularly 

important that such activities be located in close proximity to their 

markets , in urban areas . Fortunately , mos t class I and II land which 

is required by these sectors , is  located near population centres , and 

therefore it is largely unnecessary to specify such locational fac tors 

in the model . 

By taking all these factors into cons ideration , and a fte r 

receiving advice from the Ministry of Works and Developmen t  ( pe r s  corn . 

Fletche r ,  1 9 82 ) ,  the range o f  land classes d etailed by Table 7 . 6 were 

assumed to be suitable for various production sectors . It may be 

pos sible that some of these production activities can be practised  on  

land clas se s , outside the range specified by  Table 7 . �  howeve r ,  this is  

cons idered unlikely given current technology and tne current leve l of  

inputs assumed in t hi s  mode l . Class IIc was not considered suita ble 

for most production activities practised in the "Horticul ture and 

Production NEC" sector , because of the climatic factors ( sunshine 

hours , fros t-days , temperature ranges )  which constrain many 

horticultural activities on such land . 
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Tab l e  7 . 6 : Ass umed C l asses  o f  Land S u i tab l e for Vari ous  Producti on  Secto rs 

Sector 

Factory S u pp l y  Da i ry Farms 
Town Supp ly  Da i ry Farms 

� 

South I s l and H i g h  Country 
South I s l and H i l l  Country 
North I s l and  Hard H i l l  Country 
North I s l and H i l l  Country 
North I s l and  I n tens i ve Fatteni ng  
South I s l a nd Fatten i ng - B reed i ng 

South I s l and I n ten s i ve Fatteni n g  
South I s l and Mi xed C ro pp i ng a n d  

Fatten i ng 
Cropp i ng  
Hort i cu l ture and  P roduct ion  NEC  
Mi xed L i vestock and  Other Farmi ng  
P i g  Farmi n g  
Poul try Fa rmi n g  

C l asses  of  Su i tabl e Land 

I - I I  I 
I - I I  I 
V I , V I I ( South I s l and ) 
V ,  V I  ( South I s l and ) 
V I I  ( North I s l and ) 
V ,  V I  ( North I s l and ) 
I -V ( North I s l a nd ) 
I -V ( South I s l and ) 
I -V ( South I s l and ) 

I - I V  ( South I s l and ) 
I - I  I I  
I ,  I IH ,  I I E ,  I I S 
I -V 
I - I I  I 
I - I V  

I 



1 5 6 

1 . 2 . 3 . 3  Land Cons traints on Agricul tural and Hor ticultural 

Produc tion 

There are 27 , 1 30 , 000 hecta res of  land in New Zealand , of  which 

1 6 , 1 83 , 50 0  hectares ( 6 0% ) is c urrently used  for agricultural and 

horticultural production ( Department of Statistics , 1 98 1 a ) . Some land 

currently used for o ther purposes coul d be used for agricultural and 

horticultural purposes ( Department of Statistics , 1 98 1 b ) : 

( 1 ) mos t  of the land occupied by cities and towns ( 370 , 000  ha ) ,  

which is  p redominan tly high class produc t ive land . 
( 2 )  Some of the land occupied by national parks , reserves and 

domains ( 2 , 690 , 000 ha ) ,  which is predominantly low class land . 

( 3 )  Some of the land used for forestry production ( 8 1 0 , 000  ha ) ,  

which is predominantly lowe r class land . 

( 4 )  Mos t of the small amount of high clas s land use d  for 

nurseries , flower growing , stud farming , tobacco farming 

and o ther miscellaneous ac tivities .  

I n  addition, there i s  some idle land , mainly low class land which could 

be used for agricultural and hor ticultural production . 

Therefore , there a re some obvious di fficul ties in e s tablishing an 

exact estimate for the amount of  land availabl e  for agricultural and 

horticultural production . Particularly,  as as sumptions have to b e  made 

about the amoun t of land used fo r competing land uses such as  forestry 

production . However ,  for the purposes of  this study it  was assumed 

that the amount of  land available for agricultural and horticultural 

production , remains the same as  it is  now - that is , 1 6 , 1 83 , 500 ha . 

The Ministry of Works and Development ( 1 9 7 9 ) were reques ted through 

their computer based Land Resource Inventory service , to e s timate the 

land available in each land use class and sub-class available for 

agricul tural and horticultural production . This excluded land 

currently occupied by to�rns ' and cities , national parks , forest parks 

and under exotic fores t  plantations - these data are presented for both 

the North and South Island in Table 7 . 7  

7 . 2 . 3 . 4 Mat rix Formulation 

Each production sector can
.

be sus tained on land classes as 

indicated in Table 7 . 8 .  For example ,  Factory Supply Dairy Farms 
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Tabl e  7 . 7 :  Land C l as s  Ava i l ab i l i ty for Agri c u l tural  and Horti c u l tura l  
Producti on  

Land  C l ass  South I s l and  

I c 7 . 5  
I s  4 . 7 
Iw  23 . 7  
I Total 36 . 0  

I I c 80 . 0  
I I e 94 . 5  
I I s  196 . 4  
I Iw 1 1 7 . 8  

· I I  Tota l 488 . 8  

I I  I c  170 . 2  
I I I e 569 . 8  
I l i s 575 . 6  
I I Iw 87 . 3  
I I I  Tota l 1 , 402 . 8  

IVc  126 . 5  
I Ve 569 . 6  
I Vs 668 . 5  
I Vw 53 . 8  
I V  Tota l 1 ,4 18 . 6  

Vc 65 . 9  
Vs  16 . 8  
Vw 29 . 0  
V Tota l 1 1 1 . 6  

North I s l and  

33 . 1  
43 . 8  
7 3 . 4  

150 . 3  

62 . 5  
64 . 6  

234 . 7  
358 . 7  
720 . 5  

7 1 . 3  
359 . 5  
274 . 9  
3 19 . 6  

1 , 025 . 3  

39 . 9  
789 . 7  
203 . 2  

6 1 . 5  
1 , 283 . 3  

64 . 3  
22 . 2  

0 . 0 
86 . 5  

Total  
--�- ---- - - --- -

40 . 6  
48 . 5  
9 7 . 1  

186 . 3  
--

142 . 5  
1 59 . 1  
431 . 1  
476 . 5  

1 , 209 . 3  
- ------ ---· 

241 . 5  
929 . 3  
850 . 5  
406 . 9  

2 , 428 . 1  
------ --"-- • 

166 . 4  
1 , 368 . 3  

87 1 . 7  
1 1 5 . 3  

2 , 701 . 9  
--

130 . 2  
39 . 0  
29 . 0  

198 . 1  

.. 

·--

V I e  109 . 2  
V I e  2 , 565 . 4  
V I s  486 . 6  
V I w  26 . 9  
V I  Total 3 , 188 . 1  

V I l e  2 18 . 5  
V I l e  2 , 162 . 0  
V I I s  196 . 8  
V I Iw 27 . 6  
V I I  Tota 1 2 ,604 . 7  

Notes : 

99 . 8  
3 , 624 . 9  

23 . 3  
22 . 1  

3 , 979 . 8  

8 . 1 
2 , 686 . 7  

16 . 1  
37 . 0  

2 , 747 . 8  

209 . 0  
6 , 190 . 3  

509 . 9  
49 . 0  

7 , 1 67 . 9  
---- - ·  - �  

226 . 6  
4 ,848 . 7  

2 1 2 . 9  
64 . 6  

5 , 352 . 6  

1 .  Data source : Mi n i stry o f  Works and Deve l o pment ( 19 79 ) . New Zea l and  Land  
Resource I nvento ry Compu te r  Retri eval  Sys tem . 

2 .  Thi s i nc l udes a l l C l ass  I -V I I I  Land , except l and current ly  occup i ed  by 
c i ti es and towns , l arge mi nes , nati ona l  parks , fores t  parks , and  under 
domi nant ( >60% ) exoti c cover . 



/ 

Tab l e  7 . 8 :  Ma t r i x  f o r  Land Inpu t s  i n t o  the Produc t ion Sec t o r  fo r t h e  :-J e w  Zea l a nd Food S v s t e m  �fode l ( 1 978-79)  

K 14 . . . 
. 

FDFAR1 
29 X LAND 1 , 236 . 0  
3 0  X LAND! 1 ,236 . 0  
3 1  X LANNl  
32 X LANSl 
33 X LAND2 
34 X LANN2 
35 X LANS2 
36 X LA2ES 
37 X LA2EN 

38 X LA2WS 
39 X LA2WN 
40 X LA2SS 

41 X LA2SN 
42 X LAND3 
43 X LANN3 

44 X LANS3 

45 X LAND4 

46 X LANS4 
47 X LAND5 
48 X LANN5 

49 X LANS5 
50 X LAND6 
51 X LANS6 
52 X LANN6 
53 X LAND? 

54 X LANN7 

55 X LANS7 

FDFAR2 FDFAR3 . 
1 ,236 . 0  1 , 236 . 0  

1 , 236 . 0  

1 ,236 . 0  

. . . . 

. 7 l Cons tra i n t  1 
• F I SH - -

<16 , 185 . 3  
< 186 . 3  
< 150 . 4  
< 36 . 0  
< 1 , 209 . 3  
< 720 . 5  
< 488 . 8  
< 94 . 5  
< 64 . 6  
< 1 1 7 . 8  
< 358 . 7  
< 196 . 4  
< 234 . 8  
< 2 ,428 . 2  
< 1 ,025 . 3  

< 1 ,402 . 8  

< 2 , 701 . 8  

< 1 ,4 1 8 . 6  
< 198 . 1  
< 86 . 5  
< 1 1 1 . 6  
< 7 , 167 . 9  
< 3 ,979 . 8  
< 3 , 188 . 1  
< 5 , 352 . 6  
< 2 ,747 . 8  
< 2 ,604 . 8  

...... V1 CO 
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( FDFAR ) can operate o n  some mix of  Class I ,  I I  o r  I I I  land - in the  

model ' s  formulation : 

FDFAR 1 - indicates that Class I is be ing use d . 

FDFAR2 - indicate s  that Class I I  is being used . 

FDFAR3 - indicates that Class I I I  is be ing use d . 

Similar notations are used for the alternative land class uses by 

the o ther Production Sec tors . 

The sum of  the usage o f  land , of a given class,  sub-class , or  

region ( North Island or South Island ) ,  mus t not e xceed the to tal 

ava ilability of that category which is indicated by Table 7 . 7 .  That 

is , for e xample : 

LAND < 16 , 1 85 . 3  ( 7 .  3)  

Such cons traints were entered on the right hand s ide of the matrix 

( refer to Table 7 . 8 ) ,  and were directly abstracted from data referred 

to in sect·ion 7 .  2 .  3 .  1 .  

7 . 2 . 4  Labour Inputs 

The labour requirements  of  each production sector are detailed by 

Table 7 . 9 .  These data were obtained from the various s tatistical 

sources , de tai led in Fatterson and Earle ( 1 9 8 4 ) . The labour inputs  are 
exp re s sed in t erms of full-t ime equivalen t man-years . 

There were no const raints placed on  the labour input , although 

lack of available labour could be considered to be a constraint on 

agricult ural and horticultural production ( Beattie 1 97 9 ) .  This could 

particularly be the case whe n  considering the requirement  for seasonal 

labour , in some production sector s .  



Tab l e 7 . 9 :  

Secto r Labour Requ i rements 
( Fu l l -t i me equ i l .  

man -years/yr )  

Factory Supp ly  Da i ry Fa rms 3 7 , 4 14 
Town Suppl y  Da i ry Farms 3 , 346 
South I s l and  H i gh Country 822 
South I s l an d  H i l l  Coun try 2 , 088 
North I s l an d  Hard H i l l  Country 3 , 723 
North I s l and  H i l l  Country 8 , 6 70 
North I s l and I ntens i ve Fatteni n g  7 ,040 
South I s l and Fatten i ng - B reed i ng  7 , 790 
South I s l and  I ntens i ve Fatten i ng  6 , 290 

South I s l and Mi xed Cropp i ng and Fatteni ng  3 , 780 

Croppi ng 5 , 650 
Horti cu l ture and Product i on  NEC 1 0 , 532 
Mi xed L i vesto c k  and Other Farmi ng  1 1 , 320  
P i g Farmi ng  1 , 707  
Pou l try Farmi ng  1 , 025  

TOTAL 1 1 1 , 19 7  
-

/ 

Data source : Patte rso n  and Earl e ( 1984 ) 

and Labou r  
s tem 

! 
Land Requ i remen ts 

( 000  ha ) 

1 , 236 
136  

3 , 207  
1 , 850 
1 , 309 
1 , 963 . 5  

876 
1 , 460 

681 

383 
39 1  

82  
2 , 582 

19  

8 

16 , 183 . 5  
I 

Labour I ntens i ty 
( Fu l l - t ime equ i l . 

man -years/yr/ ( 000 h a ) ) 

30 . 27 
24 . 60 

0 . 26 
1 . 1 3 
2 . 84 
4 . 42 
8 . 04 
5 . 34 
9 . 24 

9 . 87 
14 . 45 

1 28 . 44 
4 . 38 

89 . 84 

128 . 1 3 

6 . 87 

.. 

.l 

,_. 0\ 0 
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7 . 2 . 5  Endogenous Inputs  and Outputs 

Endogenous inputs and outputs , include inputs and output s of 

product s  which remain within the food sys tem ' s  boundary . Inputs were 

expressed as  negative quan tities as  they we re used by the sys tem , and 
outputs were e xpressed in pos itive quantities as  they are produced by 

the sys tem . 

Products produced by the Production Sectors a re pre-fixed wi th the 

character " P " , followed by a numeric subscript indicating the product  

code number .  A full l i s t  of  these codes a re detailed in  Appendix E .  

The quantities of net inputs and net outputs into each sector were 

obtained , primarily from the " Data Sheets '' contained in Pat terson and 

Earle , 1 9 84 .  Such data were obtained from a wide variety of source s  

which a re deta iled in Patterson and Earle , 1 984 ; primarily from 

Producer Board Surveys . Readers should refe r to Patterson and Earl e , 

1 984 for full details of  these sources , and the data analysis 

methodology . 

A matrix representing these inputs and outputs were cons tructed . 

A const raint was placed on each product row ( > O )  meaning that the r e  had 

to be a net production of each product .  

7 . 2 . 6  Linking Equations 

Each set of land , labour and energy inputs ,  were expressed by  the 

variable ( column ) of the type : Name ( Land class no . ) , e . g .  FDFAR 1 ,  

FDFAR2 , FDFAR3 .  Whe reas the endogeneous inputs and outputs are 

expressed by the variable ( column ) of  the type: Name only - e . g .  

FDFAR . There fore there i s  a requirement  for the e quation of  the 

follbwing type to be written fo r each produc tion sector : ( to 

essentiall y ,  link potential land input data , with endogenous 

input-output data ) : 

FDFAR . FDFAR 1 + FDFAR . FDFAR2 +FDFAR . FDFAR3 = FDFAR . FDFAR ( 7 . 4 )  

where all coefficient s  e qual unity , and variables  are unknowns . 

Re-�rranged to be in matrix form : 
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FDFAR . FDFAR 1 + FDFAR , FDFAR2 + FDFAR. FDFAR3 - FDFAR . FDFAR = 0 ( 7 . 5 ) 

1. 2 . 1 O ther Equations and Constraints 

An activity bound of < 1 was placed on the variable FISH . I t  i s  

recommended that a bound e qual t o  the maximum sustainable yield of  the 

New Zealand fisheries should be place on this variable .  However , this 

is d ifficult because : 

( 1 )  the lack of  reliable data for the maximum sustainable yield for 

particular fish types , 

( 2 )  it is difficul t to e s timated the mix of  fish types that may be 

caught in the future . 

Nevertheles s , it is not e xpected that the total tonnage of fish caught 

in the future , on a sustainable bas is , wi ll signi ficantly exceed tha t  

of  the 1 978-79 defined bound limit . 

TOBAGO , al lowed for the land requirements of  the tobacco growing 

sector . Tobacco , is cons idered to be able to  be grown on Class I 

South Island Land , Class I IS , Class I IE and Class I IW South Island 

Land . This obviously , was a s implication as  tobacco farming in New 

Zealand i s  confined to the Nelson region , not the South Island . I f  

necessary , an allowance c a n  be made for thi s , b u t  a t  thi s s tage this 

re finement i s  considered large ly unnecessary because o f  the very small 

requirement  of  land for tobacco farming . The following e quations , 

allow for the land requirement  of tobacco farming : 

TOBACO . TOBAC 1 + TOBACO . TOBAC2 + TOBACO . TOBAC 3 + TOBACO . TOBAC4 

= TOBAGO . ( 7 . 6 ) 

where all coefficients e qual unity , and va riables are unknowns . 

XLANS 1 . TOBAC 1 = 0 . 2  ( Class I SI  land , 000  ha ) ( 7 . 7 )  

XLAN2WS . TOBAC2 = 0 . 2  ( Class I IW S I  land , 000 ha ) ( 7 . 8 )  

XLAN2 ES . TOBAC3 = 0 . 2  ( Class I IE SI  land , 000 ha ) ( 7 . 9 )  

XLAN2SS . TOBAC4 = 0 . 2  ( Class IIs  S I  land , 000 ha ) .  ( 7 . 1 0 )  

A constraint o f  TOBAGO = 1 i s  placed o n  equation 7 . 6 , meaning that 

tobacco farming production is assumed to remain the same as  i t  was in 

1 978- 1 97 9 .  

Similar equations could b e  written allowing for non-agricultural and 
horticult ural production , on land tha t  would  be suitable for such 

production - e . g .  for nurseries, flower growing and s tud farming . For 
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these activities land was allocated out o f  the mode l , therefore 

decreasing the overall land cons traint ( row 29 ) .  Howeve r ,  to allow for 

the " interac tion" of non agricul tural-hor ticul tural with 

agricul tural-horticul tural uses of land , such e quations should 

preferably be written into the model . 

7 . 2 . 8  Summary Matrix 

Table 7 . 1 0 summarises the Production Sector Matrix . This matrix 

could be more efficiently formul ated by transferring the energy input 

matrix to the Produc tion Sectors ( 72-88 ) ,  reducing the repetitative 

input of data in columns 72-8 8 , by about 3 times . 

7 . 3  Process ing Sec tor Matrix 

7 . 3 . 1 Introduction 

The Process ing Sec tors , were de fined as those sectors where 

biological raw materials are conve rted into foods tuffs , ready for 

export  and domestic distribu tion . The Processing Sector Matrix , 

covered 2 4  such sectors , which were de fined in terms o f  the New Zealand 

S tandard Industrial Classification ( NZSIC ) ,  refe r to Table 7 . 1 1 .  

Readers should refer to the NZSIC ( 1 9 7 9 ) ,  for more precise definitions 

of the processing sectors . 

7 . 3 . 2  Energy Inputs 

7 . 3 . 2 . 1 Previous Studies 

Since 1 97 4  the New Zealand Energy Researc h  and Development 

Committee ( NZERDC ) ,  has sponsored a systematic series of  surveys aimed 

at es timating the direct energy requirements  o f  the food processing 

industries .  

The Dairy Processing Industry ( i . e .  Co-operative Dairy Companies 

and Milk Processing Plants ) were surveye d by Vicke r s  and Shannon 

( 1 97 7 ) .  This s urvey indicated that the direct energy requirements o f  

the Dairy Processing Sector was 1 1 . 5 PJ/yr and that 0 . 4  P J/yr o f  direct 

energy was used in collecting the milk . This s urvey has recentl y  been 
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Tabl e  7 . 10 :  Product i on Sector t1atri x ,  for New Zeal and Food System Model ( 1978-79 ) 

1 . . . . . . . . . .  1 3  14 . . . . . . . . . . . . . • . . •  71 72 . . . . . . . . . • • . .  88 89 . . . . . . . . . . . . .  

� 
Prir.1ary Energy Production  Sectors Product i on Other Sectors 
I nputs ( Sub-d i vi ded 

Land C l asses )  
i n  Sectors 

s 

1 Primary Energy 
I nputs 

Energy Energy I nput  
Trans formation  �1a tri x 
tlatri x ( secti on 7 . 2 . 2 )  
( section 7 . 1 )  

16 
17 

25 Q 
2G H 
27 Dol n.et 
29 Di rect Land 

I nputs 

Land I nput 
Matri x 
( section  7 . 2 . 3 )  

56 
57 Tobacco ��ect1on 

? . 1  

80 D i rect Labour 
8 1  Producti on Sectors 

L i n k i n g  Equations  
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Tab l e 7 . 1 1 :  Codi ngs  and New Zea l and Standard I ndustri a l  C l a s s i fi cat i ons  for 

Process i ng Sectors 

Code 

ABATTO 

AFFEDS 
B IS C I T  
B READ 
BREAK 
BREVJ 

CA KEF 
CAKEK 

CAN I NG 
CDA I RY 
DAI RYF 
COCOA 
CREAMF 
DR I N KS 
FOONEC 
FWORKS 
GRA I N  
O I LS 
PAC KER 
P I ES 
POULTR 
PRFI SH 

PROCES 
91ALLG 
S P I R I T  
SUGAR 
W I NE 

XMALT 

New Zeal and  Standard I ndus tri a l  C l as s i fi cati on 

Number Name 

3 1 1 1 2  

3 1 1 20 
3 1 174  
3 1 1 7 1  
3 1 162  
3 1331  

3 1 172  
3 1 1 7 3  
3 1 130 
3 1 1 2 1  
3 1 124  
3 1 190  
3 1 123  
3 1340  
3 1 1 20 
31 1 1 1  
3 1 1 6 1  
3 1 1 50 
3 1 1 1 3  
3 1 1 1 7  
3 1 1 1 5  
3 1 14 1  

3 1 1 22  
31 1 14 

3 1 3 1 0  
3 1 180 
3 1320 
3 1332 

Other Abbatoi rs and Rural S l aughte r  Houses  

Prepared An i ma l  Feeds 

B i s c u i t Factori es  
B read Bake ri es 
Prepared Gra i n Brea kfa s t  Foods 
B reweri es 

Cake Pastry and P i e  ( other than meat ) Factor i e s  
Cake a n d  Pastry Ki tchens  
Can rii n g and Prese rvi n g  of Fru i t  and Vegetab 1 e s  
Co-operati ve Da i ry Facto ri es  
Factori es �1anufacturi  ng  Dai ry Products 
Cocoa , Chocol ate and Sugar Confecti onery 
I cecream Factor ies  
Soft Dri nks  and  Cord i a l s 
Food Products Not E l s ewhere C l ass i fi ed 
Meat Export Works  ( Freez i ng Works ) 
Gra i n  �·1 i  1 1  i ng  
Vegetab l e and An i ma l  Oi l s  and  Fats 
Meat Packe rs and Canners 
Meat Pi es and Puddi ngs  
Poul try S l aughter Houses  

i Land Ba sed Fi s h  Factori es  

1 �1 i l k  Proces s i ng Pl ants 

Ham , Bacon and Smal l goods 
D i s t i l l i n g ,  Recti fyi n g  and B l endi n g  Sp i ri ts 

Sugar  Factori es and Refi neri es 

�J i ne 
�1a l ti n g  
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repeated , indicating a slight increase i n  electri�ity consumption , 

a marked decrease i n  oil  consumption and a marked increase in natural 

gas consumption ( Vi ckers and Miller ,  1 983 ) . No survey has been 

undertaken of " Factories Manufacturing Dairy Products" ( NZSIC Group ) .  

The Meat Export Works and Abbatoirs were surveyed by Pearson and 

Fill ing ( 1 9 7 9 )  and Filling ( 1 97 7 ) . These surveys indicated that the 

direct energy requirements of  this sector was 7 . 0  PJ/yr . Thi s survey 

was repeated by Downey ( 1 982 ) ,  al though the Abbatoirs were not 

included , as they were previously found to  only use about 0 . 3  PJ/yr o f  

direct energy . This s urvey indicated that coal , gas and electricity 

consumption had slightly increased , and oil consumption had decreased 

slightly . 

Cleland and Earle ( 1 98 0 )  s urveyed the direct energy requirements 

of  the remainder of  the food processing indust ries . Detailed surveys 

were undertaken of  1 3  industrial groupings , which are fully referenced 

in the above mentioned publication . The dire c t  energy consump tion of 

this group was found to  be 5 . 0  PJ/yr . 

Pat terson and Earle ( 1 9 84 ) conducted a study which aimed to 

es timate the ind irect e nergy requirements of the food processing 

sector , drawing on data from those above men tioned surveys and 

stati stical data primarily derived from Carte r ,  Peet and Baines ( 1 9 8 1 ) .  

The s tudy indicated that the total energy requirements ( e xcluding the 

energy requirements o f  the biological raw materials )  of the proc e s sing 

sector was 3 4 . 1 PJ/yr , using ave rage data for the years 1 974- 1 9 78 . The 

indirect energy requirements were found to be only 1 7 % of the total 

energy requirements . Packaging was found to be the main indirec t  

energy requirement ( 5PJ/yr ) . A more detailed survey o f  the energy 

requirements of food packaging s imilarly es timate a to tal energy 

requiremen t  of food packaging to be 5PJ/yr ( So o ,  Earle and Pat terson , 

1 9 84 ) .  

7 . 3 . 2 . 2  Patterson and Earle ( 1 9 84 ) Study 

Due primarily to the sl ightly different approaches employed i n  the 

above s tudies , the di ffering years surveyed , and the no t entirely 

complete coverage of all sectors, i t  was d ecided to re-analyse the 
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above data employing a consisten t methodology and th e same base yea r  

( 1 9 78-79 ) .  

The resul t s  of this re-analysis are  s ummarised by  Table 7 . 1 2 .  As  

ca n  be ascertained from Table 7 . 1 2 ,  i t  was es timate d  that th e total 

energy requirement  of  the food process ing sec tor to be 39 . 6  PJ/yr for 

the year 1 97 8-7 9 . Essentially , these resul t s  indicate a very similar 

pattern of energy requirements , as the previous s tudies , with 

Co-operative Dairy Factories accoun ting for 39 % ;  Meat Export  works 

acounting for 22% , and Abbatoirs , Canning and Prese rving Fruit and 

Vegetables , Foods NEC , and Brewe ries about 4% each . Dire c t  energy 

requirements we re found to account for about 77% of the total energy 

requirements , with the main direct  requirement being for fuel primarily 

for fuell ing boilers . Indirect energy requirements we re found to 

ac coun t for 2 3% of the to tal energy requirements , with the main 

indirect  requirement being for packaging . 

7 . 3 . 3  Labour Inputs 

The direct labour requirements of  the food process ing sectors were 

es timated using data from the Census of  Manufacturing ( 1 9 7 8-7 9 ) ( refer 

to Table 7 . 1 3 ) . For almost all sectors this data could be d irectly 

abstracted from the Census of Manufac turing ( 1 9 78-7 9 ) .  In  some cases , 

data we re obtained from previous surveys unde rtaken by the Food 

Technology Research Centre ( Sugar Refine ries and Food NEC ) and in one 

case ( Ca sings of Animal Origins ) by multiplying the production ( $/yr ) 

by an e s timated labour coefficient ( full time e quivalent person/yr/ $ ) .  

There were no constraints placed o n  labour availability , as there 

is  relative high urban unemployment in New Zealand, in areas where most 

food processing fac tories a re located .  

7 . 3 . 4  Endogeneous Inputs and Outputs 

Products produced by the Processing Sectors are prefixed wit h  the 

characters " Pr" , followed by a numeric s ubscript i ndicating the 

product code number. A full list  of these cod e s ,  for the product s  

produced b y  the processing sectors , are detaile d  in Appendix E .  



Tab l e 7 . 1 2 :  Total  Ene rgy Requi rements ( TJ/yr ) of the Proces s i ng Sectors of  the Food Sys tem , New Zea l and 
- P -'--""_ ,,..._._,_,_� , " "" 

CLASS 
--

D I RECT : _ IND-IRECT ·"-- �-"--·---- r 
T 

· 1 
E l ectri c i ty Other 1 Tota 1 I Fue 1 : E l ectri c i ty I Other I Total OTAL 

Meat Export Works 6 ,0 1 6  1 , 533 160 7 , 708 504 129 406 1 , 039 8 , 747  
Other  Abbatoi rs and Rural S l a ughter  Houses 321  68 8 397 40 7 1 32. 178 575  
Cas i ngs·· of An i ma l  Ori g i ns 16  4 . 0 2 1  2 0 2 4 2 5  
Meat Packers and  Canners 135  19 1  1 7  343 17  4 26 47  390 
Ham , Bacon and Sma l l goods 1 2 1  67  6 194 7 7  18  172 266 460 
Pou l try S l a ug h ter  Houses 81  30 3 1 14 30 7 40 7 7  1 9 1  
Mea t  P i es a n d  Pudd i ngs 81  29 3 1 1 3  23 7 30 60 1 73  
Co-operat i ve Da i ry Factori es  13 , 09 7  1 , 273  16 1  14 , 532 80  22  793 894 1 5 , 426 
M i l k  Proces s i ng P l ants 260 1 57 9 425 55 14  132  198 623 
I cecream Factori es 68  48 5 120  88 19  52 1 58 278 
Factori es  Manufactu ri n g  Dai ry Produ cts 570 28 5 604 47 13  7 7  137  741  
Cann i ng and  Preserv i ng  Fru i t  and Vegetabl es 673 54 10  737 242 75 534 850 1 , 587 
Land Based F i s h  Factori es 238 87 10  334 28 8 127 163  497 
Vegetab l e and An i ma l  O i l s  and Fats 39 12  92 143 523 47 8 577 720 
Gra i n  M i l l i ng 6 7  63  5 135  16  5 42 63  198 
Prepared Gra i n  Breakfa s t  Food 76  17 2 94 30 10  34 74 168 
B read Bakeri es 526 96 13  635 88 20 1 37  245 880 
Cake , Pas try & P i e  ( other than Mea t )  Factori es 22 1 7  1 39 10 2 14 26 65  
Cake and  Pastry Ki tchens 51  34 3 88 39 6 45 90 178 
B i s cu i t Factori es  105  54  6 164 62 18 6 1  141  305 
Sugar Factori es and Refi neri es 467 38 7 5 1 1  29 10  I 79 1 1 7 628 
Cocoa , Choco l ate and Sugar Confecti onery 2 50 6 7  7 324 90 28 102  220 544 
Foods NEC and Macaron i etc . 7 1 1  94 14 819  241  75  , 252  568 1 , 387 
Prepa red An i ma l  Feeds 542 75  11 627 37  7 I 4 1  85 7 1 2  
D i s ti l l i ng a n d  Recti fyi ng  Sp i ri ts 125  6 2 133  38 I 5 I 22 6 5  198 
Wi neri es 83 24 3 1 10 229 42 j 167  437 547 
B reweri es  573 1 13  1 3  699 667 105  3 1 2  1 , 084 1 , 783 
Ma l ti ng 188 20  3 2 1 2  3 0 i 1 3  16  228 
Soft Dri nks  and Cord i a l  8 3 __ _ _  1 10 _ _  J_3_2_+ ________ 2_2_ ____ _ _  � _ ___ _1_4_LL _ __ _ll2 __ _ _  J:Z2 _ _  

TOTALS 25 , 586 4 , 323 582 30 , 485 3 , 474 I 732  ! 3 , 996 8 , 19 1  38 , 6 76 
---------------------.L. ---r-----�··-·· 

a .  Base  data from Cens u s  o f  Manufactur i n g  ( 1 978- 79 ) 
b .  Al l requ i remen ts a re expres sed  i n  Pr imary Ene rgy Terms . 

. ''-·�-------- "··--·---------!.----· -· ' - ·  i 

c .  The energy requ i remen t  of b i o l og i cal  raw materi a l s a re excl uded . These  fi g ures are ta ken a ccount  o f  i n  t he producti on sector ana l ys i s  
are not . i n c l uded here as  i t  wo ul d l ead  to doubl e count i ng  whe n  determ i n i ng the total energy requ i rements of  the food sys tem . 

,... 
0 
0 
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Tab l e  7 . 13 :  D i rect  Labour Requi rements ( Fu l l -t i me Person  Egu i va l ent/yr ) , 
for the Food Process i ng Sector o f  the New Zeal and  Food Sys tem , 
1978-79 
�------------------------------------�-------------------------- ---

Sector 

Meat Export Works 
Other Abbato i rs and Rura l  S l a ughter  House 
Cas i ngs  of An i ma l  Ori g i n s 

Mea t  Packers and Can ners 
Ham , Bacon and Sma l l goods 
Po u l try S l a ughter Houses  
Meat  Pi es and  Pudd i ngs 
Coopera ti ve Da i ry Factori es 

Mi l k  Process i ng Pl ants 
I cecream Factori es  
Factori es Manufacturi n g  Da i ry Products 

Can n i n g and Preservi n g  Fru i t  & Vegetab 1 es 

Land Based F i s h  Factori es 
Vegetabl e and An i ma l  O i l s  and Fats 
Gra i n  t·1i 1 1  i ng 
Prepared Gra i n  Brea kfast  Foods 
B read Bakeri es 
Cake , Pastry & P i e  ( Other than Meat )  

Factor ies  
Cake and  Pastry Ki tchens 
B i s cu i t  Factori es 

Sugar Facto r i e s  and Ref i neri es 
Cocoa , Choco l ate & Sugar  Confectionery 
Foods NEC  and Macaron i  etc . 
Prepared An i ma l  Feeds 
D i st i l l i ng and Rect i fy i ng Spi ri ts 

Wi neri es 
Breweri es 
Mal ti n g  
Soft Dri nks  and  Cord i a l s 

TOTAL 

D i rect Labour Req ui rement 
( Fu l l -T i me Equ i va l ent Person/yr ) 

28 , 732 
1 , 497 

20b 

347 
2 , 095 

924 
761  

8 , 270  

1 , 320 
599 
406 

4 , 233 
1 , 566  

732 
835 
172  

2 , 661  

535  
1 , 50 1 

937  

300 
2 , 366 
2 ,868 

93 1  
104 

9 16  
1 , 496 

293 
1 , 4 1 7  

68 ,834 

a .  Base data from Cen s u s  of  Manu facturi ng 1 978-79  
b .  E s t i mate based  on  product i on ( $ )  and an e s ti mated l abour/$  coeffi c i ent . 
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The quan tities of net input s  and net outputs of product s , produced 

by each secto r ,  were abstracted from unpublished Input-Output sheet s ,  

obtained from the Department  o f  Statistics ( 1 9 82 ) , and de rive d  from 

re turns from the Census of Manu facturing ( 1 978-7 9 ) .  Only 

es tablishments with 1 0  or more employee s  are required to submit such 

ret urns to the Department of Statistics , so therefore the Input-Output 

data had to be scaled up to take accoun t of produc tion from 

establishments of less than 1 0  employees . This was undertaken by 

asswning that the input-output mixes of establi shments with less than 

1 0  employees was the same as es tablishments with 1 0  or more employees ; 

and that the ratio of inputs to outputs ( $ ) were the same fo r small 

( < 1 0 )  and large ( > 1 0 )  es tablishments . That is , 

Quantity of Input or Output 

of  All Estblishments 

[Quan tity of Input or Output in ] � 

= Establi shments ( > 1 0  employees ) 

Production in All Es tablishments ( $ )  

Produc tion in Es tablishments ( >  1 0  

employees ( $ )  
( 7 . 1 0 )  

The variables on t h e  right hand sid e  of these e quations were obtained 

from the Census of Manufac turing ( 1 9 78-79 ) ,  and the variable on the left  
hand side is unknown but  can  be determined by  subs titu ting into the  

formula .  

Inputs were e xpresed a s  negative quantities as they a re consumed 

by the sys tem , and outputs were expressed as positive quan tities a s  

they a re produced b y  the system . A constraint was placed on each 

production row (20 ) meaning that there had to be a net  produc tion of  

each product .  

7 . 3 . 5  Summary Matrix 

Table 7 . 1 4 summarise s  the Processing Sector matrix . Both the 

Energy Input and Labour Input sub- matrice s  are very dense matrices ( < 1 %  

non-zero e l ements ) . The Endogenous Input-Output Sub-Matrix is  fairly 

sparse , with only a relatively few products being use d  and produce d  by 

any given sector . 
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Land inputs are not inc luded as  they a re ins igni ficant , and a re in 

any case largely included in the land al lowed fo r urban settleme n t . 

7 . 4  Export-Import Sec tor Matrix 

This matrix allows for the importing and exporting of  product s,  to 

and from the food system . 

7 . 4 . 1 Coding Sys tem 

Each import is prefixed by the characters "XI"  folllowed by :  

( 1 )  A nume ric code if i t  is a processed product e . g .  XI 1 9 .  

( 2 )  The character " P " , then a numeric code if it  is an 

unprocessed foodstuff e . g .  XIP 1 9 .  

The la t t e r  segment o f  the codes correspond to the product cod ings 

used in the produc tion sector  matrix and the proc essing sector matrix 

e . g .  XI 1 9  ind icates imports o f  calves hides as Pr 1 9  is processed 

calves hides ; and XIP 1 9  indicates imports of unproce s se d  be rryfrui t  as 

P 1 9  is unprocessed berryfruit . The codes X I 1  to XI9 , are reserved for 

imports of foods tuffs which a re not produced in s igni ficant quan t i t ies  

in  N ew  Zealand - vegetable oil seeds , copra , vegetable oils , rice , 

cocoa bea ns , raw suga r ,  coffee bananas and unblended tea . 

Each e xport is s imilarly coded - that i s ,  each export is  prefixed 

by the character "X" followed by : 

( 1 ) a numeric code if i t  is a processed product e . g .  X 1 9  

( 2 )  the character " P " , then a numeric code i f  i t  i s  an 

unprocessed foods tuff e . g .  XP 1 9 .  

The lat t er segments of the codes co rrespond to  the product codings 

used in the production sector  matrix and the processing secto r matri x .  

Readers should refer to Appendix E , for t h e  full lis t  of  t h e  codes 

used in this mat rix . 

7 . 4 . 2  Energy Inputs 
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Energy input s  a re required for t ransportation systems that are 

i nvolved i n  exporting and importing products . These transpor tation 

systems include both the : 

( 1 )  Domestic transportation system that t ransport exports prior 

to leaving international terminals for overseas destinations , 

and t ransport s  imports from the inte rnational terminal to their 

points of d omes ti c  destination ( e . g .  processing factories 

and wholesale s tores ) .  

( 2 )  International t ransportation system that transports e xports 

and imports  to and from New Zealand ' s  international terminals . 

Energy inputs into the domestic t ransportation , are taken account 

in the wholesale t ransport matrix , and readers should refer to  section 

8 . 1  . 2  for fuller details of these inputs . 

Previous studies have focused on the e conomics of the 

international transportation system ( Chudleigh, 1 977 ; Chudleigh , 1 97 8 ; 

Shipping Corporation of  New Zealand , 1 9 7 8 ;  Chudle igh 1 9 79 ) .  Resul ts 

from these s tudies a re summarised and further analysed by Copeland , 

Horsfield and Chudleigh ( 1 9 82 ) .  These studies have made various 

es timates of the international transportation costs ( $ ) of exporting 

goods from New Zealand . Chudleigh ( 1 97 9 )  es timated that thi s cos t was 

between $800 and $ 90 0  million for the Calendar year 1 97 7 .  This 

es timate lie s  in about the middle range of  the various cos t es timates 

quoted by Copeland , Horsfield and Chudleigh ( 1 9 82 ) ,  and is close to the 

survey year ( 1 9 7 8- 7 9 ) used i n  this model as the base year . Therefore , 

this cost es timate was selected as the mos t appropriate one for the 

calculation of  the energy requirement s  of exporting products from the 

New Zealand food system . 

This cost es timate ( say $ 1 977 8 50 million ) was backdated to 

September $ 1 97 1 , using the Farming Fre ight Cost Inde x ,  from the Monthly 

Abstract of  Stati s ti c s . Data from the Input-Output tables ( 1 97 1 -72 , 

1 978-79 provisional ) and External Trade Stati s tics indicates that about 

7% of  these freight cos t s  are involved in air transport and about 9 3 %  

in water t ransport .  Therefore , the international transport  energy 

requirements of all exports ( no t  just  foodstuffs ) ,  was calculated : 
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Water Transport : 

0 . 93 X $ 1 97 1 -72 4 56 , 4 0 0 , 0 00/yr X 3 1 . 6  X 1 � J/$ 1 97 1 -72 

( cost estimate ) 

= 1 3 . 34 6 6  x 1 0
1 5

J/yr ( 1 ) 

Air Transport :  

( energy intensity for water 

transport from Carter , Peet 

and Baine s , 1 9 8 1 ) 

0 . 07 X $ 1 9 7 1 -72 456 , 400 , 000/yr X 7 0 . 2 X 1 0 6 J/$ 1 9 7 1 -72  

( cost estimate ) ( energy intens i ty for air 

transportation from Carte r ,  

Peet  and Baines , 1 9 8 1 ) 

Total : Sum ( 1 )  + (2 ) = 1 5 . 73 6  x 1 0 1 5 J/yr 

Since Food Exports only 25 . 79%  of  the total imports and exports , 

by value , in 1 978-79 (External Trade Statis tics , )  the energy 

requirement of  international trans port of  exported foods is  es timated 

to be : 

0 . 25 79  X 1 5 . 736  X 1 0
1 5

J/yr : 4 . 0593  X 1 0
1 5

J /yr 

The mean to tal energy intens ity for importing , exporting and 

re-exporting goods to and from New Zealand is es timated to be : 

1 5 . 7360  x 1 0
1 5

J/yr 

$7 , 3 1 9 , 659 , 000/yr = 1 . 9 9  MJ/ $  

The d enominator i s  the total value of  imports , exports and 

re-exports from New Zealand , obtained from the External Trade 

Statistics .  The primary energy requirements ( X  Coal , X Oil , X Gas , X 

Elect , X Import , X Capital ) of the total energy intensity of 1 . 9 9  MJ/$ ,  

we re calculated by using data from Carte r ,  Peet and Baines ( 1 98 1) .  

This energy intens i ty was used in the Export-Impor t  matrix . Howeve r ,  
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i t  should b e  recognised that : 

( 1 )  it  i s  a weighted mean e s timate , and in any particular case i t  

will vary according to the des tination of  the product . 

Therefore , i t  i s  assumed in this model , that the weightings 

( distances from marke ts ) will  no t change significan t ly in t ime 
or with change of  market s  or products e xported . 

( 2 )  it  is assumed that the energy intensity ( MJ / $ )  for 

importing and e xporting foods ,  is the same as that for all 

imports and exports . This assump tion could introduce 

significant e rro r ,  as mos t  food product s  have a low value : 

volume ra tio compared with o ther exports-imports . Therefore , 

they should require more transport energy ( MJ )  per unit of  

value ( $ ) , as transport  energy requirements are to a large 

extent a func tion of volume . 

Finally , it  should be noted , that it is recognised that the use of 

the above calculated energy intens ity is  far from satisfactory and 

could cause misleading resul t s . This s ituation can only be improved by 

more detailed research into the ac tual energy requirements o f  impor ting 

and exporting commodities - the present  research resul t s  ( as summarised 

by Copeland , Horsfield and Chudleigh , 1 9 82 ) are far from being adequate 

either in their detail or  accuracy . 

7 . 4 . 3  Market Leve l s  and Prices 

For each e xport  product , the 1 978-79 mean overseas market pric e  

was abstracted from the 1 978-79 External Trade Statis tics : Exports  

published by  the  Department of Statistics ( 1 98G b ) . The value ( $f . o . b )  

was d ivided by the quantity , t o  obtain a $/quan tity coefficient . Some 

problems were e ncountered , as the clas s i fication sys tem use d  in the 

External Trade Statistic s ,  differed from that used in the Census of  

Manufacturing which formed the  basis o f  the  classification of  the 

products in this model .  Also , the measurements  used to measure 

quantities differed somewhat between both clas s i fication systems . 

Howeve r ,  in all cases these problem s  were resolve d , i f  not by somewhat 

tedious searching for the appropriate conve rsion factors . 

For each import  produc t ,  the 1 978-79  mean overseas market price 

was similarly abstracted from the 1 9 78-7 9  External Trade Stati stics :  
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Imports published b y  the Department o f  Statis tics ( 1 9 80a) . The val ue 

( $c . i . f ) was divided by the quanti ty to obtain a $/quanti ty 

coefficient . Similar problems were encountered as in the exports , due 

to the different classification sys tems used by the Department o f  

Statistics,  i n  the External Trade Statistics and in the Census o f  

Manufacturing . 

For each e xport produc t ,  the 1 978-79 market in q uant i t y  term s  were 

abstracted from the 1 978-79 External Trade Stati s tlcd : Exports . These 

market levels , formed the basis of the market cons traints placed o n  the 

model , in the various runs described in Chap ter 9 .  Mo re research of 

the market literature and data sources is required to be undertake n ,  so 

that more accurate information can be ob tained on the long te rm market 

for various products and be eve ntual ly inco rporated into the mode l . 

7 . 4 . 4  Matrix Fo rmulation ( refer to Table 7 . 1 5 )  

For each export variable , a coefficient o f  - 1  i s  entered against 

the co rresponding production/process ing output indicating that 1 unit 

is  lost to sys tem when exported ; and the val ue ( $ )  i s  entered in the 

DOLLAR and the DOLNET rows , indicating the ove rseas c urrency ( $ ) gained 

by the sys tem . Henc e , in MPS format the entry for the X 1  column was : 

X 1  DOLNET 3 . 5350  DOLLAR 3 . 5350  

X1  PR 1 - 1 . 0000 

Similarly , for each import variable , a coefficient of  1 is entered 

against the corresponding production/process ing output indicating that 

1 unit is gained by the sys tem when imported , and the value ( $ ) i s  

entered i n  the DOLNET row as a negative value, indicating that overseas 

currency ( $ ) has been lost ( or forgone ) by the system . Hence in MPS 

format the e ntry for the XI 1 0 0 column was : 

XI 1 0 0 DOLNET -0 . 6484  PR 1 00 1 . 0000 

Constraints of >O  were placed on each production/ processing sector 

rows ( 1 36 • • •  425 ) meaning that the production - exports + imports must 

be greater than zero . Bounds were placed on variables ( 1 1 6- 3 2 5 ) ,  

meaning that the activity o f  the export va riables c annot be greate r 

than the exis ting market l evel s .  These bounds restrictions were 

relaxed in several of  the runs ( refer to Chap te r 9 ) .  



Tab l e  7 . 1 5 :  Expo rt- Import Sector Matr i x  
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The energy requirements of international transport of food export s  

was assumed t o  be directly proportional t o  the value ( $ )  o f  the food 

exports - that i s , 1 . 9 9  MJ/$ .  That i s ,  

DOLLAR = 0 . 0 5 000 XCOAL 

DOLLAR = 1 . 05000 XOIL  

DOLLAR = 0 . 0 1 000 XGAS 

DOLLAR = 0 . 07000 XELECT 

DOLLAR = 0 . 6 1 392 XIMPOR 

DOLLAR = 0 . 1 8000 XCAPTL 

DOLLAR = 1 . 9 9  XTOTAL 

DOLLAR = 1 . 9 9  TOTAL 

Row 28 , ensures that the sum of all the exports ( $ ) ,  equals the 

ac tivity of the variable DOLLAR , by placing a coefficient of - 1  in Row 

28 corresponding to the variable DOLLAR . Since the import values ( $ ) 

are in C . I . F . ( Co s t  including freight ) te rms , the energy requirement 

of  this t ransport of international imports is  not included as i t  would 

lead to doubl e coun ting . 
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8 DISTRIBUTION - TRANSPORT , HOUSEHOLD AND C ATERING - HOTEL 

MATRICES 

8 . 1 Dis tribution and Transport Sector Matrix 

8 . 1 . 1  Introduction 

The distribution and transport sector includes : 

( 1 )  all storage and transportation s teps in the food chain from the 

processing plant ' s  gate , to the household ' s  gate . In the case of 

non-processed food s ,  it includes all those storage and transportation 

s teps in the food chain from the firs t s torage s tep  beyond the farm 

gate , to the householder ' s  gate . 

( 2 )  all transportation s teps to and from Cate ring e s tabli shments and 

Hotel establishments ,  including the transportation of customers from 

their points of origin to these es tablishments . 

8 . 1 . 2 Energy inputs : 

8 . 1 . 2 . 1 Wholesale dis tribution 

Wholesale di stribution is defined as  the s torage and tansporta tion 

steps in the food chain from the process ing plant ' s  gate to the 

retailer ' s  door . In the case of non-processed foods , it  is  those 

storage and t ransportation s teps in the food chain from the first 

s torage s tep beyond the farm gate to the retailer ' s  door . Patterson 

and Earle ( 1 9 82c ) undertook d etailed surveys of total energy use in the 

Wholesale Distribution sector ( readers requiring further detailed 

information are advised to refer to this survey ) :  

( 1 )  Total Energy Reguirements( TJ/yr ) 

Patterson and Earle ( 1 9 82c ) es timated the t o tal  energy requirements o f  

the Wholesale Distribution sector t o  b e  6 , 008 TJ/yr , for the year 1 9 8 0 .  

A s  can b e  ascertained from Table 8 . 1 ,  Groc e ries Dis tribution accounted 

for 3 6 . 8% of this energy requirement , followed by Dairy and Related 

Products ( 30 . 2% ) , Fruit and Vegetables ( 2 1 . 2% ) , with only minor 

requirements being estimated for o ther survey groupings .  Most &f the 

energy requirements were for the t ransport s teps  ( 8 9 . 4% )  as opposed to 



Tab l e 8 . 1 :  Total Energy Requi remen ts ( TJ/yr)  of the Whol es a l e D i stri but i on  Sector of the Food Sys tem , i n  New Zea l and 

C l a s s  C l a s s i fi ca t i on Storage  Transpo rt 

C l a s s  Products E l ectri c i ty Fuel  - a I nd i rect  Fue l  I nd i rect  

Da i ry Rel ated P roducts B utte r ,  Cheese , UHT Mi l k ,  Yoghurt 
Eggs , Margar i ne 108 0 120  566 1018  

Grocery Products Groce ri es , B i scu i ts , Confecti onery 
Soft Dri nks  31  2 1  79 650 1429 

F i s h  Fre s h  Fi s h  0 0 1 8 1 7  

Foods NEC Coffee , Tea , F l o u r ,  Sugar , Hea l th 
Foods , I mpo rted Foodstuffs , Dri ed 
Frui t .  6 0 9 43 88 

Fru i t  and Vegetab l es Fre s h  Fru i t  and  Vegeta bl es 108 16 1 1 3  374 665 

Meat Fre s h  �·1eat 0 0 0 120  209 

Refr i gera ted Products Frozen P i es and Pastry , I cecream 
L i nes , Fru i t Dri n ks and Frozen  
Poul try 13 0 14  65  1 17 

TOTALS 266 37 336 1826  3543 

a .  Does not i nc l ude packagi ng energy req u i rements . 
Data Source : Patte rson and  Ea rl e ( 1984 ) . 

Total  

1812  

2 2 10 

26  

146 

1 2 76 

329 

209 

6008 

...... CX> 0 
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the storage s teps ( 1 0 . 6% ) . 

It . should also be noted that the direct energy requirement of  the 

wholesale dist ribution of  foods , was es timated to be only 35% of the 

to tal energy requirements . Mos t of this d irect energy was required for 

transport fuels , with most of the remainder  of  the direct energy be ing 

for electricity required for lighting , refrige ration and inte rnal 

transport ( forkhois ts ) in s tores . Mos t  of  the indirec t  energy 

requirements of the who lesale distribution of foods , we re the indirect  

requirements of  transportation systems . Carter , Pe et and Baines ( 1 9 81 ) 

estimated that the ind irect requirements of  " Rail Transport'' are 7 1 %  o f  

the to tal energy requirements , and the ind ire c t  energy requiremen t s  o f  

"Road Freight Trans port" are 6 3 %  o f  the total energy requirements . 

( 2 )  Total Energy Intensities ( MJ/kg) 

The total energy intensi ties fo r the storage s teps ( S 1- S1 J in the 

wholesale distribution of foods are outlined by Table 8 . 2 .  The mos t 

energy intens ive s torage s te p  was for banana ripening (S1 v which 

required 1 . 1 4  MJ/kg . Banana ripening requires extra direct energy for 

the operation of controlled atmosphere stores , as well as extra 

indirec t  ene rgy for the supply of  ripening gas and the controlled 

atmosphere s torage e quipment . Those storage s teps  which required 

refrige ration also had comparatively high s torage energy intensiti e s . 

The sto rage of Refrige rated and Dairy Products � 6 )  had a total energy 

intensity of  0 . 64 MJ/ kg ,  the storage of  fish ( S 2) had a tota l  energy 

intensity of 0 . 57 MJ/kg , and the storage of  meat C S 1 � had a total 

energy intensity of  0 . 50 MJ/kg . 

The total energy intens ities for the transportation s teps ( T 1 - T4 0 

) ,  are outlined by Table 8 . 3 .  As can be ascertained from Table 8 . 3  the 

transportation s teps ( T 1 - � �  were generally more energy intens ive than 

the storage s teps ( S 1 - � � ·  Poor loading factors lead to particularly 

high energy intens ities for the transportation of  nove l ty lines . 

Whereas , bulk commodity products had be tte r  loading factors and 

therefore lower energy intensities . 

I t  should be noted that usually , a product passed through several 

s torage and transportation s teps before arriving at the retail 



Tab l e  8 . 2 :  Energy I ntens i t i es ( MJ/kg )  fo r Storage Steps i n  t he vJ ho l e s a l e  D i s t r i b u t i o n  o f  F o o d s , i n  New Zea l and - - -

D i re c tb 
I nd i recta 

Step E stab l i shment Type of  Storage Bu i l d i ngs , Supp l y of  Fu e l  · E l e c t r i c i ty To ta l Equ i pment , Di rect t�a te ri a l s 

S 1  App l e a n d  Pear Ma rket i ng Board C o o l  S t o re 0 . 0 5  0 . 1 8 0 . 2 3 0 . 09 0 . 14 
S2 D i stri but i o n  Depo t : B i s cu i t-Confec t i o nery Amb i en t  Temperature 0 . 00 0 . 1 7 0 . 1 7 0 . 14 0 . 09 
S3 Di stri buti o n  Depo t :  Groce ry Ambi ent  Temperature 0 . 05  0 . 0 5  0 . 10 0 . 10 0 . 07 
S4 D i s tr ibut i o n  Depo t :  Refri gerated  & Dai ry Refri gerated 0 . 00 0 . 33 O . J3 0 . 1 3 0 . 18 
ss Di stri b u ti on  Depo t :  Soft Dri nks  Amb i ent  Tempe rature 0 . 00 0 . 03 0 . 03 0 . 07 0 . 02 
S6 Pack i ng Hou se : Fru i t  and  Vegetab l e  Amb i en t  Temperature 0 . 04 0 . 10 0 . 14 0 . 1 1 0 . 09 
S7 Produce Market Amb i en t  Temperatu re 0 . 0 1  0 . 09 0 . 1 0 0 . 03 0 . 06 
ss Produce Market Banana Ri pen i n g  0 . 0 1  0 . 6 3  0 . 64 0 . 1 5 0 . 35 
S9 Termi na l Store Cool  Store 0 . 0 5  0 . 14 0 . 1 9 0 . 1 5 0 . 12 
S lO Warehouse : Grocery Amb i ent Tempe ra ture 0 . 06 0 . 04 0 . 1 0 0 . 09 0 . 07  
S l l  Warehouse : Gro cery Re fri gerated 0 . 0 5 0 . 07 0 . 1 2 0 . 09  0 . 08 
S 1 2  Wa rehou s e : Foods NEC Amb i ent Temperatu re 0 . 00 0 . 1 2 0 . 1 2 0 . 12 0 . 07  
S 1 3  Who l esa l e r ' s  Store : F i s h  Co l d  S to re 0 . 00 0 . 30 0 . 30 0 . 10 0 . 1 7 
S14 Whol esal e r ' s  Store : Mea t Col d Store 0 . 00 0 . 32 - . 3 2 0 . 08 0 . 18 

a .  Packagi ng materi al s not  i nc l uded 
b .  I nc l udes i nternal tra ns port 

Total  

0 . 23 
0 . 23 

0 . 17 

0 . 3 1 
0 . 09 
0 . 20 

0 . 09 
0 . 50 
0 . 27  
0 . 16 

0 . 1 7 

0 . 19 

0 . 27  
0 . 26 

Total  

0 . 46 
0 . 40 

0 . 27 

0 . 64 
0 . 12 

0 . 34 

0 . 19 
1 . 14 
0 . 46 
0 . 26 

0 . 29 
0 . 31 

0 . 57  
0 . 58 

' 

>­
ex; 
N 



Tab l e  8 . 3 :  Total Energy I ntens i t i es (MJ/kg )  for Transport Steps i n  the Who l es a l e  D i s tr ibut ion  of Foods i n  New Zeal and 

Step Ori g i n  

Tl Proces s i ng Pl ant  
T2 Proces s i ng Pl ant  
T3  Process i ng  Plant  
T4 Process ing  P lant  
T5 Process i ng P lant  
T6 Process i ng P lant  
T7 D i s tribution  Depot :  Soft Drinks  
TB  D i stribution  Depot :  Soft Drinks 
T9 Di s tri buti on Depot :  Confecti onery-B s c u i t  
n o  D i s tribution  Depo t :  Confec t i onery-B scu i t  
T 1 1  Di stri but ion Depot :  Confecti onery-B scu i t  
T12  D i s tribution  Depo t :  Groceries 
T13 Grocery Warehouse 
T14  Grocery Warehouse 
T15 Grocery Warehous e  
T16 D i s tribution  Depot :  Groceri es 
T17  Import Termi nal  
Tl8 D i s tribut i on Depot : Da i ry and Rel ated 
Tl9 App l e  and Pear Board Stores  
T20 App l e  and Pear Board Stores 
T21 App l e  and Pear Board Stores 
T22 Pac k i ng Hous e :  Fru i ts 
T23 Import Termi nal 
T24 Pac k i ng House 
T25 Produce Market 
T26 Produce Market 
T27 Wharfs i de: F i s h  
T28 Process i ng P l a n t :  F i s h  
T29 Proces s i ng P l a n t :  F i s h  
T30 ��ho 1 esa 1 e S tore : F i s h  
T31 Proces s i ng P l a n t :  Meat  
T32 Process i ng P l a n t :  Meat 
T33 Who l esa l e  Store : Meat 
T34 Process i ng P l a n t :  Foods NEC 
T35 Warehouse : Foods NEC 
T36 I mport Termi na 1 
T37 Warehouse : Foods NEC 
T38 Mi l k  Process ing  P l a n t  
T39 Bakeri es : P i es , Cakes , B read 
T40 Brewery 

------

Des ti na ti o n  

Grocery ��arehouse 
D i s tri buti on Depot :  Soft Dri nks 
D i s tri bution  Depo t :  Confectionery-B i sc u i t  
D i s tr ibut i on Depot : Grocer ies 
Reta i l  Establ i shment : Groceries  
Exports Terminal : Groceries 
Grocery Warehouse 
Reta i l  E stab l i shment 
D i s tr i bution  Depot :  Confect ionery-Bi sc u i t  
Grocery Warehouse 
Reta i l  Establ i s hment 
Grocery Wa rehouse 
Grocery �4arehouse 
Reta i l  E stabl i shment ( Sel f Del i very )  
Reta i l  Establ i shment ( Truck Del i very )  
Grocery Harehouse 
Grocery Harehouse 
Reta i l  Estab l i shmen t  
Produce Market 
Export Termi nal 
Process i ng P l an t  
Produce Market 
Produce 11a rket  
Produce t·1arket 
Reta i l  E stabl i shment 
Reta i l  Establ i shment ( vi a  sma l l  di s tri butor)  
Reta i l  E stabl i shment 
Who l esa l e Store 
Reta i l  Estab l i shment 
Reta i l  E stabl i shment 
Reta i l  E stab l i shmen t  
Whol es a l e  Store 
Reta i l  Establ i shment 
�la rehous e :  Food NEC 
Grocery �larehouse 
Warehouse : Foods NEC 
Reta i l  Es tab l i shment 
Househol d  & Reta i l  Establ i s hment 
Retai l E stabl i shment 
Ret1i l i ng , Catering & Hotel Es tab l i shments 

- �-------

D i rect I nd i rect 

0 . 44 0 . 88 
1 . 19 1 . 60 
0 . 35 0 . 70 
0 . 44 0 .88 
0 . 55 1 . 10 
0 . 22 0 . 44 
0 . 55 1 . 10 
3 . 60 5 . 66 
1 . 20 1 . 88 
0 . 22 0 . 35 
3 . 30 5 . 19 
0 . 44 0 . 70 
0 . 44 0 . 70 
2 . 20 2 . 00 
0 . 44 0 . 70 
0 . 44 0 . 70 
0 . 44 0 . 70 
1 . 32 2 . 16 
0 . 48 0 . 92 
0 . 14 0 . 28 
0 . 10 0 . 1 5 
0 . 33 0 . 60 
0 . 28 0 . 62 
0 . 1 1  0 . 17 
0 . 55 0 . 87 
1 . 65 2 . 60 
0 , 55 0 . 87 
0 . 9 1  1 . 44 
0 . 9 1  1 . 52 
0 . 33 0 , 52 
0 . 44 0 . 69 
0 . 44 0 . 69 
0 , 55 0 .87 
0 . 50 0 . 99 
0 . 44 0 . 70 
0 . 50 0 . 99 
0 . 44 0 . 70 
0 . 63 0 . 99 
0 . 44 0 . 70 
0 .44 0 . 70 

Total 

1 . 32 
2 . 79 
1 . 05 
1 . 32 
1 . 65  
0 . 66 
1 . 65  
9 . 26 
3 . 08 
0 . 57 
8 . 49 
1 . 14 
1 . 14 
4 . 20 
1 . 14 
1 . 14 
1 . 14 
3 . 48 
1 . 40  
0 .42 
0 . 25 
0 . 93 
0 .90 
0 . 28 
1 . 42 
4 . 25 
1 . 42 
2 . 35 
2 . 43  
0 .85 
1 . 13 
1 . 13 
1 .42 
1 . 49 
1 . 14 
1 . 49 
1 . 14 
1 . 62 
1 . 14 
1 . 14 

t-' CO w 
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e s tablishments . These distribution networks a re detailed in Pat terson 

and Earle (1 9 82c ) and Patterson and Earle ( 1 9 84 ) . 

8 . 1 . 2 . 2  Retail s torage 

Retail storage i s  de fined as  the s torage of  foods in retail 

e s tablishments . This includes the activities of  Groceries and 

Supermarkets ( N . Z . S . I . C .  Group Nos . 62 2 1 1 & 622 1 3 ) ,  Dairies ( 622 1 2 ) , 

Butcheries ( 622 1 4 ) ,  Greengroceries and Frui teries ( 62220 ) , Wine and 

Spirit Merchants ( 6223 1 & 62232 ) and Others ( 622 1 5 ,  622 1 6  & 62 2 1 9 ) .  

( 1 )  To tal Energy Requirements ( TJ/yr ) 

Patterson and Earle ( 1 9 82e) es timated the total energy requirement s  of 

the Retail Distribution s e c tor to be 1 1 73  TJ/yr , for the year 1 98 0 , 

which ca.n be increased to 1 1 8 6  TJ/yr when  recent survey data for Wine 

and Spirit Merchants is included . 

As c an be ascertained from Table 8 . 4  the main energy requirement  

was b y  the  Groceries and Supermarkets group ( 53 . 4% ) , followed by 

Butcheries ( 23% ) ,  Dairies ( 1 7 . 1 % ) ,  wi th the remainder only accounting 

for a relatively small amount ( 6 . 3% ) . Refrigeration ( 52 - 7 9 % , 

depending on the shop type ) was found to  be the main end-use of  e ne rgy , 

followed by lighting ( 5 - 2 5% ) ,  HVAC ( 1  - 1 8 % ) ,  miscellaneous ( 1  - 1 8 % )  

and water heating ( 1 - 1 1 % ) . 

Mos t  of  the total energy requirement was for the d irect energy and 

for the energy required for the supply of this energy ( 86 . 3% ) ,  with the 

remainder being for the supply of  buildings and equipment  ( 1 3 . 7% ) . 

( 2 )  Total Energy Intens i ties  ( MJ/kg ) 

The total energy intens i ties for the retail s torage s teps ( � 0  � 6) o f  

foods a re outlined b y  Table 8 . 5 . The mos t  energy intensive s teps are 

the steps which require refrigeration ( � 1, S2 3 s2 4 ) . The ambien t s torage 

steps ( Sz " �21  � �  � �  are generally much lowe r than the refrige ration 

steps . 



Tab l e  8 . 4 : Total Energy Requ i rements ( TJ/y r )  of the Reta i l Sto rage Steps i n  the N . Z .  Food Sys tem , 1981-82  

D i rect 

E stab l i s hments 
Fue l E l ectri c i ty 

Butcheri es  2 149 

Dai r i es  0 1 1 1  

Greengro ceri e s  & Fru i teri es  0 18  

Groceri es  & Superma rke ts 35 314  

Others ( Food )  1 1 3  

Wi ne a n d  Sp i r i t Me rchants 0 6 

TOTALS 29 6 1 1  
-

Data source : Patte rson  and  Earl e ( 1 982e ) . 

Total 

1 5 1  

1 1 1  

18 

349 

14 

7 

650  

I nd i rect 

Supp l y  of Eq u i pment  Bu i l d i ngs  D i rec t  Energy Total 

20  1 7  85 1 22 

9 22  6 1  92  

2 7 1 0  1 9  

1 2  68 204 284 

1 3 9 1 3  

0 1 4 6 

44 1 1 8 373  536 

Total 

273  

203  

37  

633 

27 

13 

1 , 186 

...... 
CXl 
lJ1 



Tab l e 8 . 5 :  Tota l Ene rgy I ntens i t i e s  ( MJ/kg ) of  the Reta i l Storage Steps i n  the New Zeal and Food Sys tem , 1981 -82 

Step E sta b l i s hment  Type of Storage 
�<-�·" 

S20 Supermarkets & Groceri es Amb i en t  

5 2 1  Supermarkets & Groceri es Refri gerated 

522 Da i ri es Amb i en t  

523 Da i r i es Refri gera ted  
524 Butche ri es Refri gera ted 

525 Greengroceri es Amb i ent 

526 Not E l sewhere C l ass i f i ed Amb i ent  

Data Sou rce : Patterson and Earl e ( 1982e )  

D i rec t  

0 . 3 3 
2 . 1 7 

0 . 28 

1 .  53  
1 . 29 

0 . 2 2 

0 . 3 2 
· ·- --

I nd i rect 

0 . 2 3 
0 . 28 

0 . 1 9 

0 . 23 
1 . 34 
1 . 1 3 

0 . 2 2 

To ta 1 
0 . 56 

2 . 45 

0 . 47 

1 .  76  
2 . 62 

1 . 35 

0 . 54 1-' 
CO 
0\ 
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8 .1 . 2 . 3  Shopping 

Shopping is d e fined as those t ransporta tion s teps in the food 

chain undertaken by household members to retail es tablishments . Thi s 

usually means a trip from the household to the retail establ i shment  and 

return . Data presented in this  sect ion are  drawn f rom a det ailed s ample 
survey of food shopping t rips in Palmerston Nocth . An examination o f  

the sample parameters , and o ther factors, indicate that the Palmers t on 

North sample is probably representative of  the national situation . 

However , the resul t s  of  this survey need to be ve rified with o ther 

surveys in o ther c entres . Readers interested in further details of  

t h is  sample survey should refer to Patterson and Earle ( 1 9 82b ) . 

An important element of  the survey methodology used , was that i t  

was recognised that most shopping trips are mul ti-purpose . Customer s  

were asked to sub j ectively weigh up what degree o f  trip purpose o n  a 0 

- 1 00 scale could be attributed to visi ting the shop being surveyed . 

This percentage ( expressed as  a proportion ) ,  was subsequently used t o  

scale-down the es timates of energy use , s o  as no t to  attribute energy 

used for o ther trip purposes solely to shopping for food . 

( 1 )  To tal Energy Requirement s  ( TJ /yr ) 

The total energy requirement of shopping for foods ( e xcluding that 5 %  

not covered by the survey ) are 1 1 , 583  TJ/yr ( re fer  to  Table 8 . 6 ) .  This 

total energy requirement can be extended to 1 2 , 200  TJ/yr , by assuming 

the MJ : $  ratio of the surveyed population is the same for the 

unsurveyed population . 

The d i re c t  energy requirement of  shopping for food ( exclud ing the 

5%  not covered ) in New Zealand was es timated to  be 4 . 4 3 PJ/yr , for 

1 9 80 . This direct energy requirement c an be e xtended to about 4 . 70 

PJ/yr , by assuming the MJ/$ of the surveye d population i s  th e same for 

the unsurveyed population . The New Zealand Yearbook ( 1 98 1 ) reports 

that the direct energy requirements of  the entire transport sector was 

9 1 . 04 P J/yr in 1 98 0 .  This means that energy used in shopping for food 

accounts for about 5 %  of the energy use in the entire transport sector . 

The indirect energy requiremen t  o f  shopping for food in New 
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Zealand , scaled up to include the 5%  not covered by the survey is  

7 . 5 3/yr , for 1 980 . This indirect energy requirement accounts for 6 2 %  

of the.  total energy requirements , and represents t h e  energy 

requirements of the transport  sys tem infrastructures . 

Shopping at Dairies ( 29 % )  was es timated to have the highest total 

energy requirement , followed by shopping at Supermarkets ( 20 % ) ,  

Groceries ( 20% ) , Butcheries ( 1 2 % ) , Greengroce ries and Fruite ries ( 9% )  

and Others ( 1 % ) . 

( 2 ) Total Energy Intens ities ( MJ/kg) 

The total energy intens ities for the shopping steps ( T5 o- T5 5) of the 

food chain are outl ined by Table 8 . 7 .  

These ene rgy intens ities ( MJ/kg ) we re s tatistically examined and 

analysed ( for detailed information refer  to Pat terson and Earle , 1 9 82b . 

An important s tatis tical determinant of the total energy intens ities 

was found to be the customers sex (F ratio = 9 . 3 37 ,  significant a t  the 

p = 0 . 002 leve l ) .  Males were found to have a mean energy intensity for 

their shopping trips of 1 9 . 27 MJ/kg , compared with 1 1 . 54 MJ/kg for 

females . The age of  the customer was a quite s ignificant influence in 

determining the to tal energy intensity fo r a shopping t rip ( F  ratio = 

1 . 6 33 , significant at  the p = 0 . 1 35 level . The most important t rend 

was that unde r  20 year olds , particularly 0 - 9 yea r  olds  had 

comparatively low to tal energy intensities for food shopping trips . Of 

all the parameters examined ,  the day of the shopping trip was found to 

have the mos t influence on the total energy intens ities for food 

shopping trips (F ratio = 4 . 5 1 3 ,  s ignificant < p = 0 . 00 1  level ) .  There 

was found to be an almos t  ordered decl ine in these total energy 

intensities as the days progressed through the week . That is , shopping 

trips on Monday had the highes t  total energy intens ity ( 1 8 . 1 4  MJ/kg ) , 

followed by trips on Wednesday ( 1 2 . 8  MJ/kg ) ,  Tuesday ( 1 1 . 7 1  MJ/kg ) ,  

trips on Thursday ( 1 0 . 06 MJ/kg ) and trips o n  Friday ( 9 . 86 MJ/kg ) . Both 

the socio-economic s tatus of the customer and the wea ther had l it tl e  or 

no influence in determining the total  energy intens ities of  shopping 

trips . 
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Tab l e 8 . 6 : 
i n  New Zea and  

Su rvey C l as s i fi ca t i on 
D i rect I nd i rec t  Tota l 

C l a s s  NZS I C  Gro ups  
1--- --· . . . 

Grocer i e s  6 2 2 1 1  887 1 . 4 4 2  2 , 3 2 9  

Da i r i es 6 2 2 1 2  1 , 2 6 1 2 , 0 5 3  3 , 3 1 4  

Superma rk e ts 6 6 2 1 3  1 , 2 6 2  2 , 0 3 0  3 , 2 9 2  

Bu tc he r i es 6 6 2 1 4  557  890 1 , 44 7  

F i s h  Sh ops  6 6 2 1 5  1 8  2 9  4 7  

De l i ca tes sens  6 6 2 1 6 1 6  2 6  4 2  

Food r� E C  
l 

6 6 2 1 9  24 3 9  G J  
I 

Greengroce r i es a nd  F ru i te r i es 6 6 2 20 4 0 3  I 6 4 6  1 , 049 ; 

TOTAL . 4 , 428 i 7 , 1 55 11 ' 583  
I ' 

Tab l e 8 . 7 :  Tota l  Energy I ntens i ti es ( MJ/ kg ) for the  Shoppi ng Steps i n  
the New Zeal and  Food Sys tem , 1981 -82 

Step Or i g i n  Des t i nat i on D i rect I nd i rect  Total  

T50  B u tc hery Househo l d 6 . 29 1 0 . 06 1 6 . 35 

T5 1 Da i ry Househo l d 6 . 29 1 0 . 07 1 6 . 36 

T52 Greengrocery-Frui te ry Househo l d 2 . 76 4 . 4 1  7 . 17 

T53 Grocery Hou seho l d 4 . 91 7 . 96  1 2 . 87 

T54 Supermarket Hou s e ho l d  4 . 92 7 . 87 1 2 . 79 

T55  Other Reta i l Estab l i s hments  Hou s e ho l d 5 . 07 8 . 13 1 3 . 20 

, ! 

I 

i I 
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8 . 1 . 3  Endogenous Inputs and Outputs 

E�sentially , the Distribution-Trans port Sector , enab les products 

to be distributed from process ing plant gates or  farm gates to  the 

household or point of final cons umption . Therefore , the endogenous 

inputs into this sector are produc tion  or  processing sector products  ( P  

( numbe r ) , P r  ( number ) ) ,  and the endogenous outputs a re household sector 

inputs ( H  ( number ) ) .  For further details of how these endogenous 

inputs and outputs were included in the matri x ,  readers should refer to 

the next sec tion . 

8 . 1 . 4  Matrix Formulation 

The problem to be solved here , is e s sentially the classical 

transport ( or network ) problem , where there is a series of nodes and a 

series of  pos s ible routes between these nodes wh ich run between the 

origin and the des tination ( refer to Coope r and Ste inberg , 1 97 4  fo r a 

ful ler e xplanation of  such problems ) .  

The origins in this case a re the processing factories and in some 

cases the farm gate . The des tinations are the household , cate ring 

establishments and hotel e s tablishments . The nodes a re the s torage 

steps ( S 1  - �6) and the possible routes are the t ransport  s teps ( T 1  -T s s ) 

) .  For full details of  the actual s torage capacities of  the s torage 

steps , and the flows along the transport routes reader s shoul d refer to 

Patterson and Earle ( 1 982c) . In  this c ase the objective function was 

either to minimise Q or DOLNET . 

The Energy Input Matri x ,  specifies the primary energy input 

co-efficients , fo r each storage and t ransport s tep  ( data we re 

abstracted from sec tion 8 . 1 2 ) . 

The endogenous output matrix spe cifies the input of 

processing/production output required for each alternative distribution 

route . Each a l ternative route is  indicated by a set of three groups o f  

charac ters - the first alphabe tic character indicates that i t  is  a 

household input , the next numeric characters indicate the product 

'· number and the las t characters indicate a coding for the al ternative 

route . Henc e ,  product H 1 , has the fol lowing alternati ve d i stribution 



Tabl e 8 . 8 :  D i stribution - Transport Sector Matri x 

� 
Cateri ng-Hote l s  Transport & Storage 

I nputs 
CATERS HOTELS 

s 
518 5lg 2400 . . . .  · · · • · ·  2481 

1 
Primary Cateri ng-Hotel s Energy I nput 
Energy Energy I nput Matri x Matri x 
I nputs 

16  
---· 

136 

Endogenous 
I nputs-
Outputs 

425 ZERO MATRI X  
626 

Househo l d : 
I nputs 

826 
900 

Transport & ': Transport and L i nk i ng Equat ions  Storage I nputs S to rage 1-!atrix I n puts  

: 
981 

982 

Aggregated 
Routes ZERO MATRI X  

1 n1? 

Aggregated Routes Al ternati ve D i str ibut ion Routes 
COl . . . . . . . . . . . .  GD8 H lAA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  H413AD 

2500 . . . . . . . . . . .  2550 ' 2551  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4500 

ZERO MATRI X  

Endogenous Outputs Matri x 

Househo l d  I nputs Matri x 

Transport and Storage I nputs Matri x 

L i nk i ng Equati ons Aggregated  Routes I nputs Matri x 

Constra i n ts  

- 0  

=0 
> 0  

> 0  
= 5 . 0901 

=39 . 507 
=0 

=0  
=0 

=0 

..... 
\0 
..... 
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routes : H 1 AA ,  H 1 AB ,  H 1 AC ,  H 1 AD ,  H 1 AE ,  H 1 AF .  

T�e household inputs matrix specifies the household inputs for 

each al ternative distribution route . The cons tra int at the end of  the 

row indicates the "demand" for each household produc t .  

The transport and s torage inputs matrix speci fies th e transport 

and s torage s teps required for each al ternative dis tribu tion route . 

Aggregated routes were included to reduce duplicat ing inputs , where 

alternative distribution routes had common sets of  transport and 

storage inputs . The aggregate routes were coded according to type o f  

route : 

CD 1 - CD8 ,  Confectionary d is tribution route s . 

GD 1 - GD 1 0 ,  Groce ries distribution routes . 

FD 1 - FD8 ,  Food NEC dis tribution routes . 

FV 1 - FV 1 9 ,  Fruit and Vegetables distribution route s . 

The transport and storage inputs into each of  these aggregated routes 

are specified in columns 2500--2550 of the transport  and storage input 

mat rix .  

Linking e quations for each transport and s torage row, ensure t hat 

the sum of each transport and storage input is  numericallly equal to 

the column ( va riable ) of the same name divided by - 1 , 00 0 .  Each 

storage and transport coefficient is  expressed in te rms of 1 0  tonnes ,  

and each s torage and transport variable is expressed in te rms o f  1 0  

tonnes .  

The Aggregated Route Inputs Matrix , specifies the i nputs of 

aggregated routes into each al ternative distribution route . Linking 

equations e ns ure that the s um of  each aggregated route is numerically 

e qual to the column ( variable ) of the same name . 

Fixed bounds equal to unity were sometimes placed on  the columns 

( variables ) HOTELS and CATERS . 

8 . 2  Household Sector Mat rix 

8 . 2 . 1 Introduction 
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The household sector includes those activities o f  the food chain,  

which take place in households or  permanent dwellings . That is , the 

final ,prepa ration and storage of food s ,  and the es sen tially 

non-commercial production of  foods from househo ld gard ens . 

8 . 2 . 2  Energy Inputs 

Patterson and Earle C 1 982d) undertook a detailed s tudy of  the total 

energy requirements in the household preparation and s torage of foods , 

and data from this publication is used as  a basis to the data presented 

here . 

8 . 2 . 2 . 1 Total Energy Requirements ( TJ/yr ) 

The to tal energy requirements of  the household preparation, 

storage . and produc tion of  foods is es timated to  be 2 4 . 3 6  PJ/yr , for the 

years 1 980- 1 9 8 1  (refer to Table 8 . 9 ) .  

The direct energy requirements of the household preparation and 

s torage of food is 1 3 . 3 3  PJ per annum . The New Zealand Yearbook ( 1 98 1 ) 

indicates that the dire c t  energy requirement for "dome s tic"  use was 

4 0 . 3 0  PJ  per annum . Therefore , the direct energy requirements o f  the 

household preparation and storage of  foods is  32%  of  this total once 

all the anc il lary services to cooking and food preparation ( such as 

lighting , dishwashing , and refrige ration ) have been taken into account . 

Electricity was estimated to be the main source o f  direct energy 

( 80% ) . Various fuels  including oil , gas , coal and wood were es timated 

to be the source of the remainder of  the direct energy ( 20% ) .  HVAC , 

lighting , cleaning and general mainb2 na nc e  of  the kitchen area , were 

e stimated to be the main end-uses of direct energy C 3 4% ) . This was 

followed by range cooking ( 1 6% ) ,  dishwashing ( 1 0% ) , refrigeration ( 9% )  

and o ther cooking ( 2% ) . 

The indirect e nergy requirements of  the household preparation , 

s torage and production  of  foods accounted for 1 1 . 03 PJ  pe r annum ( 45% 

of the total energy requirements ) .  The energy required for the s upply 

of direct energy is the main indirect energy requirement ( 7 0% ) ,  

al though this can only b e  approximated because the actual mix of fue ls 
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Tab l e  8 . 9 :  Total Energy Requ i rements ( P J /yr)  o f  the Househol d  P repara t i o n  

a n d  Storage Secto r of  the Food Sys tem 

Su rvey C l a s s i f i�at i on 

D i rect 

D i shwas h i ng 

HVAC , L i g h t i ng , Ma i n tenance 
Other Coo k i ng  

Range  Coo k i n g  

Re fri gera t i o n  

To ta 1 

I nd i rect  

Bu i l d i ngs  
, Eq u i pment , Utens i l s  

Mate ri a l s 
Supp ly  o f  D i rect  
Total 

Energy Requi rements 

( PJ/yr )  ( % )  

2 . 2 5  1 0  
4 . 57 1 9  
0 . 57 2 
3 . 76 16  
2 . 18 9 

13 . 33 57  

1 . 0 1  4 
0 . 93 4 
0 . 5 7  2 
7 . 73 33  

1 0 . 24 43  
---------------------------------�-------------+----------� 
TOTAL 23 . 57 1 00 



1 95 

used i s  not known with any c ertainty. Building s pace ( ki tchen and 

dining room a reas ) accounted for 9% of the indirect energy 

requirement s , followed by equipment and utensils  ( 8% ) , produc tion of 

foods from household gardens ( 7 % ) ,  and kitchen materials ( 5% ) . Kitchen 

materials included such i tems as dishwashing detergents , cleaning 

materials , packaging items and oven bag s .  

8 . 2 . 2 . 2  Total energy intens ities ( MJ/kg ) 

The total energy intensities ( MJ/kg ) for the household 

preparation , s torage and production of foods , 1 98 0- 1 9 8 1 , are detailed 

by Table 8 . 1 0 . 

Baking was found to  be the mos t energy intensive cooking mode 

( 40 . 37 MJ/kg ) ,  followed by roasting ( 1 6 . 9 1  MJ/kg ) , grilling ( 1 0 . 1 7 

MJ/kg ) , s teaming ( 7 . 1 5 MJ/kg ) , boiling ( 4 . 84 MJ/kg ) , frying-heating 

( 3 . 02 MJ/kg ) ,  deep frying ( 2 . 78 MJ/kg ) and toas ting ( 1 . 68 MJ/kg ) .  

Refrigeration had an energy intens ity of  4 . 04 MJ/kg, and the 

general baseload for kitchen ac tivi ties had an energy intensity of 6 . 4 7 

MJ/kg . 

The home production o f  foods was found to have an e nergy intensi t y  

of 1 2 . 59 MJ/kg , which generally was much highe r than th e commercial 

production of foods ( refer to  sec tion 7 . 2 . 2 ) . Much energy was required 

to supply the ferti l i zers , pes ticides and equipment required for home 

gardening . 

8 . 2 . 3  Endogenous I nput s  and Outputs 

The i nputs of  food products into the household sec tor can be 

es timated ; by subtrac ting from the total d omes tic production the 

Exports and the foods used by the Cate ring-Hotel Sector , and adding the  

Imports of  foodstuffs us e d  directly by  the  household . By  undertaking 

such a cal culation, the total amoun t of  each food product available for 

household use was calculate d . 

The household production of foods ( i . e .  in house hold gardens ) ,  

was found t o  be 6 2 , 420 tonnes /yr , calculate d  using d ata from the 
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Tab l e  8 . 10 :  Tota l Energy I n tens i ti es ( MJ/kg ) , for the Househ o l d 

P repa rati on , Storage and Producti o n  of Foods , 1980- 1981  

Code a Mode/Acti v i ty D i rec t  I nd i rect  Tota l  
� 

C l  Ba k i n g  40 . 1 3 0 . 24 4 0 . 37 
C2  Roas t i n g  16 . 6 7 0 . 24 1 6 . 9 1 
C 3  Gri l l i ng 9 . 93  0 . 24  1 0 . 1 7 
C4 Steam i ng 6 . 9 1  0 . 24 7 . 1 5 
C 5  Bo i l i n g  4 . 60 0 . 24 4 . 84 

C6  Fryi n g -Heat i ng 2 . 78 0 . 24 3 . 0 2  

C l  Deep Fry i ng 2 . 54 0 . 24 2 . 78 

CS Toa s t i n g  0 . 73 0 . 95 1 . 6 8  

C 9  Refr i gera t i o n  3 . 74 0 . 30 I 4 . 04 

C 10 Gene ra l BasB l oad fo r Ki tchen I I 
Acti v i t i es  5 . 45 1 . 02  I 6 . 4 7  

j 

I 
HOME Prod ucti gn from Househo l d  I 1 2 . 59c Gardens 0 . 00 1 2 . 59 I I -

a .  Vari ab l e code u s ed i n  Ma tri x fo rmu l a t i o n . 
b .  I nc l udes the d i rect  ene rgy req u i rements of  k i tchen HVAC , l i gh t i ng a n d  

genera l  ma i n tena nce , and  i nd i rect energy req ui rements of  k i tchen  and  
d i ni �g room bu i l d i ngs , general  k i tchen eq u i pment and ma teri a l s .  

c .  Energy req u i red to s upp ly  fe rt i l i sers , pes ti c i des and ga rden equ i pment . 
d .  Data sou rces : Patterson and Earl e ( 1982d ) . Patterson and  Earl e ( 1 984 ) . 

Ta b l e 8 . 1 1 : Tota l  Househo l d  Food P roduct ion  ( Tonnes/yr ) 

I tem 

Fru i ta 

Po ta toesb 

Othe r  Vegetab l e sc 

Producti o n  ( to nnes/y r ) 
2 , 805 

25 , 200 

34 , 4 1 5  

a .  1 %  o f  comme rc i a l  produc t i o n  ( Department  o f  Stati s t i c s , per . comm . 1983 ) . 
b .  14% o f  comme rc i a l  p roduct i on ( Food B a l a nce  She e t , Mon th l y  Abs tra c t  o f  

Sta t i s t i c s , Feb . 1983 ) . 
c .  2 1% of  comme rc i a l product i on ( Food Ba l ance  S h ee t , Mon th l y  Abs tract of 

Stati s t i cs , Feb . 1983 . 
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Department of  Stati s ti c s  ( 1 983 ) ( refer  to  Table 8 . 1  1 ) .  I t  was assumed 

in this s tudy that  all production ( output s ) from household production , 

was consumed ( input s ) by households . 

8 . 2 . 4  Nutritional Outputs  and Requirements 

8 . 2 . 4 . 1 Nutritional Outputs Considered and Codings 

The nut ritional elements included in thi s analysi s  include d : 

( 1 )  Dietary Fibre ( FIBRE ) .  Defined as  the sum of  the polysaccharides 

and lignin which are no t digested by the  endogenous se cretions o f  

the human gas trointestinal tract ( Paul and Southgate,  1 9 78 ) . 

(2 ) Metabolic Energy 

( 3 )  Protein ( PROT ) . 

( 4 )  Fats ( FAT ) . 

( 5 ) Calcium ( CA ) . 

( 6 )  Phosphorus ( p ) .  
( 7 )  Magnes i um ( MG ) .  

( 8 )  Iron ( FE ) . 

( 9 )  Sodium ( NA ) .  

( 1 0 )  Zinc ( ZN ) . 

( 1 1  ) Potassium ( K ) . 
( 1 2 )  Vitamin A ( A ) .  

( 1 3 )  Vitamin B 1  (B 1 )  

( 1 4 )  Vi tamin B2 ( B2 )  

(ENERGY ) .  

Defined as : 

Thiamin . 

Riboflavin . 

llg re tinol + 
ll g  B - caro t e n e  

6 

( 1 5 )  Niacin ( NIACIN ) : Defined as : mg nicotinic acid + mg t ry��oph an 

( 1 6 )  Vitamin B 6  ( B6 ) .  

( 1 7 )  Free Folic Acid ( FOLIC ) .  Determined by Lactobacil lus casei as say . 

( 1 8 )  To tal Folic Acid ( TFOLI C ) .  Dete rmined by Lactobacillus casei 

assay , after treatment with conjugases . 

( 1 9 )  Vitamin C ( C ) .  

( 20 )  Vitamin D ( D ) .  

(2 1 )  Vi tamin E ( E ) . 

For fuller definitions of  these nutritional elements, and for details  

of the  methods of calculation , readers shoul d refe r to  Paul and 
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Southgate ( 1 9 7 8 ) ,  which was the main source of  data used here . 

Onl y those nutritional elemen t s  were  considered for whic h  there 

were both : 

( 1 )  a Recommended Dietary Allowance ( RDA ) recommended by the National 

Academy of  Sciences ( 1 98 0 ) .  

(2 ) adequate compositional data were available in the food tables 

( Iodine was excluded for this reason , as this element is not covered by 

Paul and Southgate ( 1 97 8 )  which was the main data source ) .  

Although there  are not RDA ' s  for FIBRE and FAT , these nut rients wer e  

considered so as  t o  provide e xtra information from the modelling 

proces s . 

The main data source for es timating the nutritional output was 

Paul and Southgate ( 1 97 8 ) .  Supplementary data source s  { refer to 

methodology sec tion ) ,  were used when  compositional data could not be 

obtained from Paul and Southgate ( 1 9 7 8 ) .  

8 . 2 . 4 . 2  Allowance for Wastes and Loss o f  Nutrients 

Al lowance had to be made for wastage of foods and loss of 

nutrients in kitchen practice . In general ( e . g .  Paul and Southgate 

1 978 ) the food tables , make allowance for the fact that not all of the 

weight of a food , i s  edible although it  may contain various nutritional 

elements . For example , lamb chops according to Paul and Southgate 

( 1 9 78 ) ,  a re 1 8% bone , and therefore only have an edibl e  portion of  82%  

by  weight, al though the bone itself contains much calcium .  

Al lowance i s  also made b y  Paul and Southgate ( 1 978 ) ,  for vi tamin 

degradation during cooking ( re fer to Table 8 . 1 2 ) . These los se s  

detailed b y  Table 8 . 1 2  a r e  "average" values used b y  Paul and Southgate 

( 1 978 ) , which vary quite s igni ficantly depending on cooking times and 

the severity of cooking ( e . g .  when boiling or  frying ) .  I n  all case s , 

the losses of  vitamins B 1 , B2 , B6  and Foli c  Acid , are ve ry significant 

(� 30-40% ) .  In  vegetables , the loss of vitamin C is substantial 

( 40- 70% ) .  

Allowance ,  i s  also made for general wastage o f  foods in the 

household . Unfortunately , there i s  no  specific d ata , concerning the 
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Tab l e 8 . 12 :  V i tami n Losses  Duri ng Househo l d Cook i ng 

•. 

Foodstuff ., Coo k i n g  t·1odes 

Cerea l s and Cerea l  Bo i l i n g  
products 

Ba k i n g  

� 

C:ggs Bo i l i ng  

Fry i ng 

Meat Roasti ng-Fry i ng  
-Gri  1 1  i ng 

S tewi ng-Boi l i ng 

Al l Modes 

Root Vegetabl es Al l t·1odes 

Leafy Vegetabl es A 1 1  t�odes 

I 
l 

Data Source : Pa u l  and  Southgate ( 1 978 ) 

! 
I 
I 
t f 

I 

I l ' 
l 

V i tami n 

B 1  
B 2  
N i aci n 
B6  
Total Fo l i c  
B 1  
B 2  
N i ac i n  
B 6  
Tota l Fol i c  
B 1  
B 2  
B6  
Tota l Fol i c  
B 1  
B2  
B 6  
Total  Fo l i c  
B 1  
B2  
N i aci n 
B6  
B l  
B 2  
N i aci n 
B6  
Total Fo l i c  
B 1 2  
c 
E 
B 1  
B 2  
N i ac i n 
c 
B6 
Tota l Fo l i c  
B 1  
B 2  
N i a c i n 
c 
B6 
Tota l Fo l i c  

-

Loss  ( % )  
40 
40 
40 
40 
50 
25 
1 5  
5 

25  
50 
10  
5 

1 0  
1 0  
20  
20 
20 
35 
20 
20  
20 
20  
60 
30 
50 
50 
30 
20 
20  
20 
25  
30 
30 
40 
40 
50 
40 
40 
40 
70 
40 
30 

-- --

�-�---� � 
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wastage of  foods i n  the  Ne w  Zealand Household ( pers . corn . Davidson , 

1 982 ) . However, there is some data available for o ther developed 

nation� . Es tima tes seem to range between about 5- 25% of the total food 

input into the household kitchen, depending on the actual food ( re fer  

to Dowler ,  1 9 7 7 ;  Wenlock and  Biss , 1 9 7 7 ;  Wenlock et  al . ,  1 98 0 ;  

Osner , 1 982 ) .  In  this s tudy it  was assume d that there was a general 

was tage figure of  5% for all items , al though it  is  recognised that for 

mos t  perishable items that is probably an underes timate of  the actual 

wastage . Al though, some evidence ( pers . corn . Hard ing, 1 982 ) sugges t s  

that the advent o f  home freezers i n  mos t  New Zealand households may 

have reduced household was tage of foods . Davidson ( pers . corn . , 1 982 ) ,  

similarly sugges t s  that the advent o f  home freezers and sliced bread 

may have cut down was tage of  bread . 

8 . 2 . 4 . 3  Nutritional requirements of the New Zealand population 

Recommended Dietary Allowances ( RDA ) ,  were used as the basis for 

the calculations of the nutritional requirements of the New Zealand 

Population . These a re recommended by the National Academy of Sc iences 

( 1 980 ) ,  as  the " average daily amounts  of  nutrient s  that population 

groups should consume over a pe riod of time " . The RDA ' s  are es timated 

t o  exceed the requirements ( e xcept metabol i c  energy ) o f  mos t  

individuals of  nearly al l  in t h e  population groups . I t  should be 

recognised that the RDA ' s are based on  meeting th e nutri tional 

requirements of United States c iti zens , and not New Zealand citize ns . 

The total requirement of  each nutrient  for the N . Z .  Population 

( 1 976 ) was calculated knowing the RDA for each nutrient for each 

population cohort �ational Academy of Sciences , 1 98 0 ) ,  and the t o tal  

number i n  e ac h  population cohort ( N . Z .  Department o f  Statistics , 

1 9 76 ) .  As no popula tion cohort data were available for 1 97 8-7 9 ,  these 

nutrient requirements had to  be scaled up for 1 978-7 9 , us ing the 

increase in population between 1 97 6  and 1 979  ( Department of  Statis tic s , 

1 980d) . This assumed that the population age-structure was the same in 

1 9 7 6  and 1 97 9 .  

Table 8 .13  details the total requiremen t  for each nutrient .  The 

total requirement for metabolic energy i s  es timated to  be 1 0 . 700 PJ. yr
-1 

, which i s  approximately 1 5% of  the e nergy requ iremen t  for d ome s t i c  
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Tab l e 8 . 13 :  Mi n i mum Nutri t i on a l  Requi rements of the New Zea l and Popu l at i on 
1 978-1979 

Nutri t i on a 1 E l emen t  

�·1etabo 1 i c Energy 
Pro te i n  
Cal c i um 
Phos phorus 
�1agnes i urn 
I ron 
Z i nc 
V i tami n A 
V i tami n 8 1  

V i tami n 82  

N i ac i n 

V i tami n 86 

V i tami n 8 1 2  

Total Fol i c  
V i tami n c 
V i tami n D 

V i tami n E 

Q . 

- 1  uant1 ty . Yr  

10 . 7001 PJ 
52 ,077 . 2  Tonnes 

990 . 064 Tonnes 
987 . 1 57  Tonnes 
344 . 900  Tonnes 

18 . 383 1  Tonnes 
1 5 . 9634 Tonnes 

945 . 9  kg  
1 , 278 . 1  kg  
1 , 521 . 4  k g  

16 . 8955 Tonnes 
2 . 1628 Tonnes 
3 . 3358 kg 

414 . 0  kg  
64 . 3991 Tonnes 

8 . 167  kg  
9 . 6086 Tonnes 

Note : The tota l requ i remen t  for each nutri t i onal  el ement was est i mated 
on bas i s  of  the  Recommended Di eta ry Al l owances , as recommended by 
the Nati onal  Academy of Sci ences ( 1980 ) ; and Popu l ati on  data from 
the New Zea l and Census  of Popu l ati on  and Dwel l i ng Vo l  . 2 ,  and t he  
New Zea l and Yearbook 1980 , res pect i vely  publ i s hed by the  Depa rtment  
of Stati s t i cs ( 1976 , 1980 ) . 
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food production ( expressed in en thalpy terms ) .  In  we ight te rms , a 

large amount of Pro tein ( 52 , 077 . 2  tonnes . yr -1) is required ; wi th 

smaller amounts  of calcium ( 9 90 tonnes . yr·-1) ,  phosporus (98 7  tonnes. yr- 1) 

and magnes ium ( 344  tonnes yr "1) ;  and even smal ler amounts of  iron , 

zinc , and the vitamins . 

It  is recognised that an adequate die t  requires other nutritional 

elements , particulaly essential amino acids and dietary fibre . 

Amino acid patt erns o f  pro t e in in food s  can be speci fied as 
according to the suggest ed FAO and WHO ( 19 7 3 )  sugges ted s t andard , 
or egg patt ern or casein pat tern . Howeve r ,  this would almost  
certainly lead to  computat ional p roblems , if  such pat terns were 
fo rmul ated into the prob lem . In the case o f  diet ary fibre , there 
are no authoritative published data on recommended leve ls of intake 

and there fore minimum levels could not be speci fied . 

The e ffects resul ting from deficient intakes of  the 

above-mentioned nutrients are well known and documen ted elsewhere 

( refer  to Reports of the F . A . O/W . H . O .  Expert Group Reports Nos . 2 3 0 ,  

30 1 ,  302 , 452 , 522 , 532 ; and National Academy o f  Science , 1 980 ) . 

I t  should also be note d , that the over s upply of  a nu trient can 

l ead t o  a nut ri tionally inadequate diet - for example ,  excessive 

vitamin A and D intake have been associated wi th kidney stone format i on 

( F . A . O . /W . H . O . , 1 96 6 ) . The re fore , it  may be necessary to  place  upper 

limits on the supply of certain nutrients ; al though this was not 

a ttempted due to the lack of  such quan titative data and because in the 

solution to the models no s uch high levels  of  intake were incurred . 

8 . 2 . 5  Matrix Formulation (Refer to Table 8 . 1 4 ) 

The primary energy requirement for each of  the household s torage 

and preparation modes ( C 1 to C 1 0 ) ,  were specified by rows 1 to 1 6  (data 

were d irectly abstracted from Table 8 . 10) .  Similarly , the primary 

energy requirements of the household production of foods ( data were 

d irectly abstracted from Table 8 . 1 1 ) .  

The outputs  from the household production , were specified in the 

column ( HOME ) in the appropriate rows, 
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Tab l e 8 . 1 4 :  Househol d  Sector Matri x 

� 
Prepa ra tion  and Storage 
�lode 1 s 
C l . . . . . . . . . . . . . . .  C lO HOI1E s 
201 2  . . . . . . . . . . .  ?.002 ?.001 

1 
Primary Energy 
Inputs Energy Input Matrix  

16 
136 

Endogenous 
I nputs-Outputs Endo . 

Output 
Matri x 

' 
425 

Prepa ra ti onC l  426 
& Storage 
Modes L i nki ng  Equations  

C lO 435  
5 16  

Catering-
Hotel 
Outputs 

625 
626 

Househ o l d  ZERO MATRIX 
Outputs 

826 
57 

Nutri tional  
Outputs 

78 

Househo l d  Products 

H lB . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  H413 
2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 700 

ZERO t•1ATR I X  

Endogenous I nput Matrix 

Househol d Prepara ti on and Storage I nputs 

I 
I 
i 

L i nk i ng Equations  I 
I I 

Nutri ti onal  Output Matri x 

-· - ----·--- - .  

Cateri ng-Hotel Outputs 

Z1B . . . . . . . . . . . . .  Z4090 
629 . . . . . . . . . . . . . . .  520 

ZERO MATRI X  

L i n k i ng Equations 

ZERO �1ATRI X  

- - · - - - - - --.  

Constra i n ts  

=0 

=0 
>0 

>0 
=0 

=0 
=0 

=0 
0 + 00 

0 -+ 00 
>10700 . 0  

>QfiOil fi 

N 0 w 
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Each processing sector output ( Pr ) and production sector output 

( P  ) ,  required by a household sector produc t  were indicate d  by a - 1  

coefficient in the appropriate row . 

Similarl y ,  the household preparation and s torages inputs required 

by a household sector product were indicate d  by a coefficient 1 .  Mos t  

products required more than one such input - for example ,  fried beef 

( H 1 F )  requires inputs of  C6 ( Fried/heated ) ,  C9  ( Refrigeration ) and C 1 0  

( Baseload ) .  Linking e quations were included so that the s um of  rows C 1  

to C 1 0 ,  e qualled a column ( variabl e ) of  the same name : - for example :  

C 1 . H 1 B  • • • • • • • • • •  C 1 . H4 1 3  = 1 .  C 1  ( 8 . 1  ) 

( co-efficien t )  ( variable )  ( co-eff . ) ( var . ) (  co-ef f .  ) (  var . )  

rearranged to be in matrix format : 

C 1 . H 1 B  • • • • • • • • • •  C 1 . H4 1 3  - 1 . C 1  = 0 ( 8 . 2 )  

The nutritional outputs o f  the household products ( columns 1 700 -

3000 ) are s pecified by the coeffi cients in rows 57 - 78 . The minimal 

requirements for each nutri tional output are speci fied by the 

cons traints for rows 57 - 78 �ata we re d irectly abstracted from Table 

8 . 1 3 ) .  

For most of the Linear Programming runs , a bound fixed to or less  

than unity was placed on the  variable ( column ) HOME , as it was assumed 

that household production could not be greater  than this level . 

I t  should be noted that all coefficients of the household products 

( H 1 B  • • • •  H4 1 3 ) and the household preparation and storage modes 

( C 1  • • . •  C 1 0 )  were e xpressed in terms of  per 1 000 tonnes of the above 

mentioned variables . 

8 . 3  Catering-Hotel Sector Matrix 

8 . 3 . 1 Introduction 

This section covers the e x-household consumption of food , in 

commercial establishment s ;  namely i n  Catering establishments and 
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Hotels . In this model,  all o ther final consumption of  food is  

considered to be  a household function , al though i t  i s  recogni se d that 

not all food i s  physically consumed in the household . Ho tels ( coded 

HOTELS in the  model ) ,  include ; Licensed Ho tels and Mo tels ( N . Z . I . S . C .  

Group 6 32 1 2 )  and Licensed Tave rns and Chartered Clubs ( N . Z . S . I . C .  

Group 63 1 50 ) . Catering es tabl ishments ( coded CATERS in the model ) 

include : Takeaway Food Stores ( N . Z . S . I . C .  Group No . 6 3 1 1 0 ) ,  Tea , 

Coffee Houses , Cafes , Unlicensed Restaraunts ( N . Z . S . I . C .  Group No . 

6 3 1 20 ) ,  Caterers ( N . Z . S . I . C .  Group No . 6 3 1 30 )  and Licensed 

Restaurants and Cabarets ( N . Z . S . I . C .  Group No . 6 3 1 40 ) . 

8 . 3 . 2  Energy Inputs 

8 . 3 . 2 . 1 Cate ring Industry 

Data about the dire c t  energy requirements of Cate ring 

2s tablishments,  were ob tained from Patterson and Earle ( 1 9 82 a ) . Thi s  

s tudy es t imated that the direc t energy requirements , for 1 98 0 , of  the 

Catering Industry ( CATERS ) was 640 TJ/yr expressed in consumer energy 

terms , or 1 028 TJ/yr expressed in primary energy terms . The main 

direc t energy requirement was for e lectricity ( 9 5 % )  wi th only a small 

amount ( 5% )  of  fue l s ,  mainly natural gas being used . Cooking was found 

to be the main end-use of  direct energy ( ranging from 5 6  - 69%  

depend ing on the es tablishment type ) ,  followed by wate r hea ting ( 1 0 -

24% ) ,  refrige ration ( 1 1  - 1 6% ) ,  and miscellaneous uses ( 5 - 22% ) .  

By using mul tiple l inear regress ion, i t  was possible t o  es timate 

the energy intensity ( MJ/kg ) of  various cooking and food preparation 

modes ( refer to Patterson and Earle , 1 9 82a for furthe r details ) .  For 3 3  

Catering e s tablishments , i n  t h e  sample survey, there was a total direct 

energy consump tion figure available ( MJ/yr ) ,  and throughpu t  data for 

various cooking and food preparation modes ( kg/yr ) . The analytical 

problem which arose was to allocate o r  par t i tion the direct energy 

figure to several modes ( te rmed the " partitioning" problem in EA -

refer to section 1 . 2 . 1 . 4 ) .  This problem was resolve d  by using a 

variant of the multiple linear regress ion  technique first used by 

Cleland , Earle and Boag ( 1 9 8 1  ) , Rao � . , ( 1 9 8 1 ) and Jacobs ( 1 9 8 1 ) .  

That is,  the following equation was solve d  by multiple linear 

regress ion : 
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Zi=j X �i=j b 1 . 1 ( r ) . + b z . 1 (Xz )  . . • .  + b  l= l . l= l n 

Direct energy consumption of  a Catering Establishment  

pe r annum ( MJ ) 

x
1 

• . • •  Xn = throughput per annum for the va rious cooking and food 

preparation modes ( kg )  

b
1 

• . . .  bn = energy intensity ( MJ/kg ) for the various cooking and 

food preparation modes 

i = various cate ring establ ishments . 

The energy intens ities ( MJ/kg ) es timated for the various cooking and 

food preparation modes are outlined by Table 8 . 1 5 . The mos t energy 

efficient cooking mod e was found to be deep frying havtng an energy 

( 8 .  3 )  

intensity of  0 .  6 9  MJ/kg, which was primarily cons idered to be d02 to the mo re 
efficient heat transfer to the cooking load , and the more efficient 

loading of  deep frying vat s .  The o ther more t raditional cooking 

methods had much highe r energy intensi ties : heating and frying ( 1 2 . 7 5 

MJ/kg ) , grilling ( 1 2 . 39 MJ/kg ) , roasting and baking ( 8 . 1 4 MJ/kg ) ,  

s teaming and boiling ( 7 . 98 MJ/kg ) .  

The indirect energy requirement of  buildings and e quipment used by 

the Catering Industry was estimated to be 1 03 TJ/yr by Patterson and 

Earle ( 1 984 ) .  Soo , Earle and Pat terson  ( 1 984 ) es timated that the gross 

energy requirements of packaging used by the Cate ring Industry to be 

1 42 TJ/yr . 

The total energy requirements of the Cate ring Indus try were 

es timated to be 1 273  TJ/yr , using mean values for the yea rs 1 98 0  - 1 9 83  

( refer to Table 8 . 1 6 ) . Direct energy requirements accoun ted for 8 1 % 

of  the total energy requirement s ,  with indire c t  energy rerquirements  

accounting for  only 1 9% .  
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Tab l e 8 . 1 5 :  

. .  

Coo k i ng or Food Prepa rat i o n  - E s t i ma te U s i ng Mu l t i p l e  
Storage Modes L i nea r Regre s s i on 

---� 

Ba ked/Roas ted 8 . 14 
Gri 1 1  ed 1 2 . 39 
Heated/ Fri e d  1 2 . 7 5 
Steamed/Bo i l ed 7 . 98 
Deep Fri ed 0 . 69 
Hot Water Addedb 

0 . 66 
P i e Wa rm i ng 2 . 00 
Hot Water for C l ea n i ng 0 . 30 
Refr i ge ra t i o n 1 . 1 5 

---

a .  For fu rther  detai l s  refe r to Patterson and  Earl e ( 1982a ) 
b .  Prepara t i on o f  co ffee , tea , dehydra ted s ou p s  and  other  dehydra ted 

products by add i n g  hot wa te r or  boi l i ng  fo r a s hort peri od  i n  wate r .  

Tab l e  8 . 16 :  Tota l Energy Requ i rements  ( TJ /yr ) o f  the Cate ri ng I ndus try 
1980- 1982 

P r i ma ry 
Consumer r 

Coa l  O i l E l ec .  Gas I Capt l . Import Total  

D i rec t  
E l ectri c i ty 608 1 53 . 8  76 . 6  698 . 6  0 5 5 . 3  4 . 9  989 

Gas 32 0 . 3  1 . 0 0 . 6 36 . 8  0 . 6 0 39 

Sub  To tal 640 1 54 . 1  77 . 6  699 . 2  36 . 8  5 5 . 9  4 . 7  1 ,028 

I ndi rect N . A .  49 . 3  74 . 6  30 . 6  3 . 7  2 . 7  84 . 4  245  

TOTAL 203 . 4  1 52 . 2  729 . 8  40 . 5  58 . 6  89 . 1  1 ,273 

a .  Total s may n o t  add-up due t o  roundi n g s . 

-........ 
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8 . 3 . 2 . 2  Hotel Industry 

Data about the direct energy requirements o f  ho tels were obta ined 

from L ion Breweries ( pers . corn . I .  Well s ,  1 9 82 ) . During the years 

1 980-8 1 and 1 98 1 -82 , Lion Breweries undertook a detailed s tudy of 

energy use in their hotels ,  as part of an energy conservation campaign . 

Data from this monitoring procedure , enabled a national es timate o f  the 

direct energy consumption of ho tels to be made ( for  further detai l s  

refer t o  Patterson and Earl e , 1 984 ) .  I t  was found that the direct 

energy consumption for the Ho tel Industry , for the years 1 980-8 1 and 

1 98 1 -8 2 ,  was 4 , 2 78 . 3  TJ/yr � a  s tandard e rror of 9 . 2% .  The main 

end-use of energy in Hotel s  was found by Lion Brewe ries to be HVAC 

( 40% ) ,  fol l owed by Kitchen Equipment ( 25% ) ,  Plant ( 1 5% )  Liquor Areas 

( 9% ) ,  Ac commod a t i o n  (3 % ) , Staff Areas ( 4 % )  and Food Cus tomer Areas ( 2 % ) .  

The indirect energy requirements o f  buildings and e quipment, for 

the Hotel Indus try was es timated using data from the Census of 

Dis tribution ( 1 978-79 ) ,  supplied to the author by the Department o f  

Statistics ( 1 98 0 ) . The expenditure ($ 1 9 78-7 9 )  on Capital by the Ho tel 

Industry , was converted to 1 97 1 -72 terms , by using the M . O . W . D .  

( 1 9 8 1 , pers . corn . ) cons truc tion cost index .  This  figure , was then 

mul tiplied by the appropriate energy intens ity ( MJ / $ )  from Carte r ,  Peet 

and Baines ( 1 9 82 ) ,  so as to obtain the total energy requirements of 

Capital ( buildings and equipment ) for the Hotel Industry ( 55 TJ/yr ) . 

There is no available data on the amoun t of  packaging used by the Hotel 

Industry - however ,  it  is considered to be very small,  and therefore 

can be disregarded .  

The total energy requirements o f  the Hotel Industry were 

es timated to be 4 , 333 TJ/yr us ing mean values for the years 1 980- 1 98 1  

and 1 98 1 - 1 982 ( re fer to Table 8 . 1 7 ) . The d irect energy requirements  

accoun ted for nearly all ( 9 8 . 7% )  of  this total . 

I t  could be reasonably argued,  that includ ing all  the energy use 

of  the Hotel Industry in the food system energy use calculation is  

misleading as the  Hotel Industry provides a n  accommodation and 

enterta inmen t  function and not solely a food function . Al though , this 

is  recognised by the author as  a reasonable a rgumen t ,  there app�ars to  

b e  no easily applicable method of par ti tioning energy use to  the 
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Tab l e 8 . 17 :  Tota l  Enerly Requi rements ( TJ/y r )  of t h e  Hote l I ndustry ,  
1980-81  - 981 -82 

Pri mary 
Cons umer 

Coa l  Oi l E l ec .  Gas Captl . I mport Total  

D i rect 
E l ectri c i ty 1 , 589 . 2  402 . 1  200 . 2  1826 . 0  0 144 . 6  1 2 . 7.  2 , 854 
Gas 926 . 2  9 . 3  2 7 . 8  18 . 5  1065 . 1  18 . 5  0 1 , 1 39 
Oi l 504 . 2  3 7 . 3  5 12 . 2  1 . 0 0 0 4 . 5  5 55  

Sub  Tota l 3 ,0 19 . 6  448 . 7  740 . 2  1846 . 0  1 065 . 1  163 . 1  1 7 . 3  4 , 278  

I ndi rect N . A .  14 . 1  20 . 0  5 . 1  0 . 5  0 . 6  14 . 9  5 5  

TOTAL 463 760 1851  1066 164 32 4 , 3 33 

a .  Tota l s may not add up  due to round i ngs  
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various func tions . So , therefore , such a partitioning on  the bas i s  o f  

hotel function was no t at tempted here . 

8 . 3 . 3  Labour I nput s  

The di rect labour requirements of  the Hotel and Catering Industry 

were obtained from the Census of Distribution ( 1 9 78- 7 9 ) , fo r the year 

1 9 78- 79 . There were 1 0 , 2 1 1 full- time equivalent pe rsons pe r annum 

employed by the Catering Indus try ; and 1 9 , 54 1  full- time equivale n t  

pe rsons p e r  annum employed by the Hotel Industry . 

I t  s hould be no ted that it  can also be reasonably argue d tha t  the 

labour inputs, need to be partitioned as not all labour is provided 

solely for prov iding food services . However ,  the same approach fo r th e 

same reason was adopted here - that is,  the labour requi rement was not 

partitioned . 

8 . 3 . 4  Endogenous Inputs and Outputs 

8 . 3 . 4 . 1 Catering I ndustry 

Data on the inputs-outputs of foodstuffs into Cate ring 

establishment s , were obtained from Patterson and Earle ( 1 982a) .  The se 

data from a sample survey of 33 establishments in the Palmerston North 

area , were scaled up so as  to obtain a national es timate for the 

Catering Industry ( re fer to Table 8 .1 8 ) .  

The approximate volumetric level o f  sales o f  each alcoholic 

beverage sold per annum by the Cate ring Industry was es timated by the 

following e quation : 

C = P X T 
A A A 

( 8 . 4 )  

where : TA = matrix , de tailing the sales/yr ( 1 978-79 ) ,  in  volumet r i c  

terms,  of alcoholic beve rages on t h e  total domestic market . mata 

sources : Census of Manufacturing 1 97 8-79 ; External Trade S tatis tics 

1 978-79 . )  

PA= scalar , representing the % of  total sales ( expressed as a 

proportion ) by the Catering Industry 1 978-79 , of alcoholic beve rage s . 

( Data sourc e :  Census of  Distribution, 1 978-79 . )  

CA= matrix , detailing the sales/yr ( 1 9 78-7 9 ) ,  in  volumetric te rms of 
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Tabl e 8 . 18 :  Foods tu ffs Used by 33 Cateri ng Estab l i s hments in Pa l mers ton North ( kg/week ) 

Roas ted or Gri 1 1  ed Baked 

1 .  Beef 320 468 
2 .  Lamb ard t·1utton 1 2 1  7 4  
3 .  Pork 6 1  69 
4 .  Sausages 
5 .  Hamburger Patt i e s  
6 .  Uncooked Meats 
7 . Other t·1ea ts 27 45 
8.  Curry & Spri ng Ro l l s  
9 .  Chi ckens 2 7 7  
10 . I cecream (Mi l k s ) 
1 1 .  I cecream (Other ) 
12 . Vegetabl e s  ( Frozen ) 
1 3 .  Vegetab l e s  ( Other ) 
14 . Potatoes ( C h i ps ) 
1 5 .  Fru i t  
16 . Jui ces & Concentrates 
1 7 .  Canned Foods 
18 . F i s h  65  
19 . F l our 89 
20 . B read 
2 1 .  Cakes 
2 2 .  P i es and Pastri es 
2 3 .  Hamburger Buns 
24. B i scu i ts 
2 5 .  Confecti onary 
26 . Al coho l i c  Beverages 
2 7 .  Soft Drinks  
28 .  Fats and  Oi l s  37  
29 . Jams , P i ck l es & Sauces 
30 , Sugar 
3 1 .  Dehydrated Soup 
32 . Other Dehydrated 
33. V i negar 
34 . Other Foods ( nee ) 
35 . Mi l k  and Cream 
36 . Butter 
37 . Cheese 
38 .  Yoghurt 
39 . Coffee 
40 . Tea 
4 1 .  Eggs 122 
42 .  Others 498 
TOTALS 1 ,521  fi56 

Heated or Steamed 
Fried o r  Bo i l ed 

129 6 1  
39 
26 2 1  

166 
473 

16  9 

136 
101  2 ,650 

3 1 1  
20 66 

124 
91 

664 

49 

43 

2 5 1  3 1  
38 1 2  

2 , 51)5 3 ,032 

Deep Fried 

431 

176 
369 

8 ,983 

52 
1 ,854 

768 

1 , 323 

13 ,961 

, 1  d
: Hot �la ter ' ar-me ) Added 

1 , 249 

1 , 362 
244 

8 , 272  
4 ,664 

1 , 249 14 , 543 

i Uncooked Tota l s  Refri gera ted 

979 979 
235 235 
179 1 79 
598 598 
473 473 

156 156 123 
72 72 

176  176 
673 673  

200 200 200 
468 468 468 

136 136 
972 3 , 723 

8 ,983 
725 725  
994 994 994 

363 
2 ,008 2 ,008 

982 
2 , 554 1 ,645 

701 701 
208 1 ,458 

664 
15 1 5  

1 18 1 18  
10 10 10 

2 , 398 2 , 398 2 , 398 
1 ,410 

218  218  
427  427  

1 , 362 
260 504 

20 20 
43 

3 ,024 3 ,024 3 ,024 
260 260 260 
250 250 250 

33 33 33 
8 , 272  
4 , 664 

d/)5  
351  900 5 10 

1 3 , 375 50 , 946 13 ,809 

a .  Tota l s  may not add up because of roundi ngs 
b .  A l l wei ghts  are expressed on  a we i gh t  bas i s at  the t ime of purchase by the cate re r .  I f  the we i gh t  i s  greate r ,  we i ghts  are 

expressed i n  tenns of the "made-up" we i gh t  of a product - e . g .  the "made-up " we i gh t  of dehydrated soups . 

I 

N ...... N 
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alcoholic  beverages i n  the Catering Industry ( Sales = Outputs, Input = 

Output a s  there i s  assumed to  be no was tage ) .  

This equation also assumes that the Catering Industry uses the same m i x  

of alcoholic beverages as  i s  sold in t h e  to tal domes tic market . This 

obviously is not the case , with probably more wine b eing sold by 

Catering E s tablis hments , and less spirits and beer . Howeve r ,  since the 

Catering Industry only uses 3% ( in $ terms ) of  the alcoholic beverage s 

sold on the d omestic market ,  the use of  this approximating assumption , 

should not  critically a ffect the result s  o f  various runs d escribed i n  

Chapter 9 .  

8 . 3 . 4 . 2  Hotel industry 

The approximate quantity of inputs and outputs of  foods tuffs into 

and from the Hotel Industry can be estimated by substituting in the 

following equation: 

H
F = P F x C

F 
where : 

( 8 .  5 )  

C
F

= matrix, detailing the quantity o f  inputs and outputs from 

foodstuffs t o  and from the Catering Industry 1 97 8-79 ( Da ta source : 

section 7 . 1 • 4 . 1 ) • 

PF= scalar , t"eq,Jl"esenting the Hotel Industry sales ( $/yr, 1 978-79 ) of 

food, expressed as  a proportion of the Catering Industry sale s  of food 

( $/yr, 1 970- 7 7 ) .  ( Data source : Census of  Distribution 1 978-79 ) .  

HF= matrix , d e tailing the qual ity of inputs  and output s  of  foodstuffs 

into and from the Hotel Industry 1 9 78-79 ( unknowns , determined by the 

equation ) .  

The e quation as s umes that the Hotel Industry, uses the same mix of 

foodstuffs as  the Catering Industry . 

The volumetric leve l s  of  sales of each alcoholic beverage sold p e r  

annum by the Ho te.i Ind u s t ry \-ia s es timated using the fol lowi ng equation :  

where : ( 8 . 6 )  
TA= matrix, detailing the sales/yr ( 1 978-79 ), i n  volumet ric terms , o f  

alcoholi c  beverages o n  t h e  tota� domestic market ( Data source : Census 

of  Manufac turing 1 97 8-79 ,  External Trade S tatistics,  1 970- 7 9 ) .  

PA= scaler, represen ting the % of total sales ( $ )  ( expressed as  a 

proportio n )  by t h e  Hotel Industry ( 1 978-79 ), of alcoholic beverages .  

( Data sourc e :  Census o f  Di s tri bution, 1 97 0-7 9 . ) 
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H
A

= matrix , de tai ling the sales/yr ( 1 978-79 ) ,  i n  volumet ric terms of  

alcoholic beverages in the  Hotel Indus try ( Sales = Outputs, Input s = 

Output� as there is assumed to be no was tage ) .  

This equation also assumes that the Hotel Industry uses the same mix 

of alcoholic beve rages as  i s  sold in the to tal domes tic market . This  

appears to be a reasonable assumption as data from the Census of  

Distribution ( 1 978-79 ) ,  indicates that 7 1 % of  the to tal sales ( $ )  of  

alcohol is by  the  Hotel Industry . 

8 . 3 . 5  Nutritional outputs 

The 2 1  nutrit ional el ements included in the Household Sector 

Matrix, were also included in the Catering-Ho tel Sector Matrix ( refer to 

sect ion 8 . 2,4 fo r a  l i s t  and definitions of  these nutritional elemen ts ) .  

Also, as with the House hold Sector Matrix , Paul and Sou thgate ( 1 9 7 8 ) 

was the . main data source for the nutritional compos ition of  foods . The 

same secondary data sourc e s  as for the Household Sector Mat rix , we re 

used here ( refer to sec tion 8 . 2 . 4 ) .  Furthermore , the same al lowances 

for wastes and loss of nutrients were also made,  as for the House hold 

Sec tor' Hatrix . 

8 . 3 . 6  Matrix formulation ( refer to Table 8 . 1 9 ) 

The matrix formulation is  based on the variables CATERS 

( representing the produc tion- consump tion ac tivity of  the Cate ring 

Indus try )  and HOTELS ( representing the production-consumption activity 

of the Hotel Industry ) .  

The co efficients in rows 1 - 1 6 ,  represent the primary energy 

inputs ;  l n  row o O  the direct labour inputs ; r'ows 1 3 6-425 endoge nous 

inputs of products from o the r  sectors particularly and almos t 

exclusively from the processing sectors ; and J:'OW� 5 1 6- 625 the outputs . 

The outputs are prefixed by the character " Z " ; followed by the 

numeric code representing the product - i . e .  the same numeric code 

used in the foregoing matrice s ; and followed by a set of  charact e rs 

( �2 )  representing the cooking mode of the prod.uct . For example , Z 1G ,  

s tands for a Cater Hotel Sector product ( represented by the character 

" Z "  ) , which is beef  ( re presented by  1 ) , which i s  grille d  ( represen te d  
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by the character "G" ) .  

The outputs from the Catering-Hotel Sector are linked to the 

nutri tiona l  outputs by e quations of  the following type : 

Z 1 B .  CATERS + Z 1 B . Hotels = 1 .  Z 1 B  ( 8 . 7 )  

( co-eff . ) ( var . ) ( co-eff . ) ( var . ) =( co-eff . ) ( var . ) 
rearranged to be in the matrix format : 

Z 1 B .  CATERS + Z 1 B .  HOTELS - 1 . Z 1 B  = 0 ( 8 . 8 )  

The variable Z 1 B ,  represents the nutritional output of the 

Catering-Hotel Sectors . For further detail s  of how the nutri tional 

outputs and requirements were dealt wi th refer to section 8 . 2 . 4 .  
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9 PRELIMINARY RESULTS AND DISCUSSION 

9 . 1 Introduc tion 

Numerous \ optimal solutions ' can be generated from the L inear 

Programming model of the New Zealand food sys tem . I t  is  impossible to 

detail all of  these possible sol utions . Therefore , four major runs are 

detailed here , which should be representative of a range of  possible 

resul ts . Howeve r, it should be recognised that these runs can be 

varied and refined by altering the objective func tions , co nstraints  and 

coefficients . This may become necessary as more data , more options 

come to hand ; or as the analys t ' s  perception of the p roblem changes .  

Thes e  se ts of coefficient matrices, cons traints and objective 

func tions , could form the bas is of  a series of  future ' Scenarios ' for 

the future growth and developemnt of  the Food Sys tem . ' Scena rios ' have 

recently gained some popularity and currency in long term ene rgy 

planning ( e . g .  Harris et a�, 1 977 ) .  A ; Scenario ' is a possible , but 

not necessarily probable ,  future development path which can be implied 

from a given set of val ues and cond itions ( as reflected in this case by 

a set of objective functions and cons traints ) .  It  i s  neither a 

forecast o f ,  or  prescription for a particular development pathway . 

Scenario based planning , implies an element of  choice and exploratio n ;  

rather than a s imple projection o f  current trends and values which 

typifies shorter te rm planning . 

9 . 2  Run 1 :  Standard Run 

9 . 2 . 1 Introduction 

A Stan�dard Run was undertaken to provid e  a " basel ine" for 

comparing subsequent runs , and to provide some means of validating the 

model . The Standard Run was based on the production-consumption and 

exporting-importing activities of  the 1 978-79 food sys tem . Most 

variables ( columns ) and rows could be fixed at  the 1 978-79 l evels,  

although data were not available for all rows and columns . 
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9 . 2 . 2  Objective function 

A s  most rows and columns were fixed, it was to a large e xtent 

unimportant which variable ( Q , Dolnet )  was used as  the objective 

function . However, in this case the maximization of  Q ( row 2 4 )  was 

used as the objective function . 

9 . 2 . 3  Constraints 

All sectors had fixed activities of  unity, which meant that thei r  

production-consumption activities were set a t  1 978-79 l eve l s . This 

included all produc t ion, processing , catering , hotels , and home 

production sectors . All exports and imports were fixed at the 1 978-79  

levels . 

All fooffi in excess of  exports were assumed to be available for 

household consumption . 

The land class inputs were set as free rows , as no data , were 

available on the actual land class inputs into production activitie s . 

The labour inputs and energy inputs, and the nutriti onal outputs 

were also set as free rows . By comparing the values generated by the 

model for these rows , wi th actual values provides some basis for 

valida ting the model . Howeve r ,  unfortunately as only approximate 

ac tual values a re available , this validation c an only remain 

approximate . Furthermore , the model assumes structural op timal ity 

which may not be the case in reality . 

9 . 2 . 4  Resul t s  

9 . 2 . 4 . 1 Objec tive Func tion and Total Energy Requirements 

(refer t o  Tables 9 . 1 & 9 . 2 )  

The objective function value for the General Model was 5 6 , 2 3 5  Q 

( i . e .  hydro-electricity-equivalents . TJ . yr- 1) ,  and - 1 4 , 76 3  Q for the 

Dis tribution-Transport Model ; therefore making a sum total of  4 1  , 4 72 Q .  
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Tab l e  9 . 1 :  Primary Energy Requi rements o f  Run1 - Genera l Model 

Primary Energy Requ i rements Q( TJ )  A H( TJ )  

Di rect 
Coal 5 ,D81 1 8 ,989 
Oi l 12 ,823 26 ,363 
Gas 1 ,801 3 , 527 
E l ectri c i ty 2 1 ,228 2 1 ,228 
llood 1 1 7  622 
I mported 236 534 
Capi ta 1 958 1 ,804 

Sub-Total 42 ,244 73 ,067 

I nd i rect 

Coal 902 3 ,372 

Oi l 9 ,2 1 0  18 ,936 

Gas 190 373 

El  ectri c i ty 2 ,444 2 ,444 

1/ood 0 0 
Imported 5 , 13 5  1 1 , 630 

Cap i tal  1 ,493 2 ,810 

Sub-Tota 1 19 ,374 39 ,565 

TOTAL 6 1 ,618  1 1 2 ,632 

Tabl e 9 . 2 :  Prima ry Energy Requi rements Runs 1&3 - Di s tr i bution  Model 

Primary Energy Requi rements Q (TJ )  .6 H( TJ )  

Di rect 
Coa l 286 1 ,068 
Oi l 5 ,7 1 2  1 1 , 744 
Gas 0 0 
E l ectri ci ty 1 ,029 1 ,029 
Wood 0 0 
Imported 48 1 1 0  
Cap ita  1 42 79 

Sub-Total  7 , 1 1 7  14 ,030 
- - ···· 

I nd i rect 
Coal 266 994 
O i l  5 ,041 1 0 , 364 
Gas 39 77 
E l ectri c i ty 1 , 157  1 ,1 57 
Wood 0 0 
Imported 695 1 , 573 
Capi tal 448 843 

Sub-Total 7 ,646 1 5 ,008 

TOTAL 1 4 , 763  29 ,038 
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This represents the net energy gain by the food sys tem , and c ould 

be represented by the following equation : 

Qnet energy = Qga in ( General + Transport Model ) ­

Qlost ( Gene ral + Transport Model ) .  

Qgain equals the energy gained from trading food sys tem products ( $ ) , 

for energy embodied in imported fuel and me rchand i se ( 4 1 . 0 4  MJ / $ ,  

weighted mean ) . Qga in numerically equals 1 1 7 , 8 53  Q .  Qlos t equals the 

energy used by th e food sys tem in producing food sys tem products for 

domes tic consumption and e xport . Qlos t numerically e quals 7 6 , 3 8 1  Q .  

Details o f  the primary energy requirements fo r the General Model 

and Transport Model , are respectively outl i ned by Tables 9 . 1 & 9 . 2 .  In 

to tal , the primary energy requirement is 7 6 , 3 6 1  Q .yr-� of which 6 1 , 6 1 8  

Q . yr-�s required by the General Model and 1 4 , 76 3  Q , yr-�s required by 

the Distribution- Transport Model . This represents a total of 1 4 1 , 67 0  
. · 1 

TJ. yr ( H ) .  

Direct energy requirements ( Q ) account for 6 4 . 62%  of  the total ,  

with indire c t  energy requirements ( Q ) accoun ting for 3 5 . 38 % .  The 

larges t  primary energy requirement was for oil ( 42 . 92 % , Q )  followed by 

hydro-electricity ( 33 . 05 % ),  then coal ( 8 . 56 % ) ,  imported goods  ( 8 . 0 0 % ) , 

capital ( 3 . 85%) ,  natural gas ( 2 . 66% ) and wood ( 0 . 1 5% ) . 

I t  should be noted that , the to tal primary energy requireme n t  ( Q ) 

represents 3 0 . 1 5% ,  of the total primary energy requirements of  the New 

Zealand e conomy ( refer to Table 9 . 3 ) . 

9 . 2 . 4 . 2  Export Earnings ( $  1 978-79 ) 

The gross e xport earnings were $3 , 1 70  million, expressed in 

1 978-79 dollars ( f . o . b . ) .  The net  export earnings were $2 , 87 1  mill ion , 

expre s sed in 1 978-79 dollars ( f . o . b .  - c . i . f . ) .  The net export 

earnings included the gross earnings  minus expenditure on the imports 

of foodstuffs . By includ ing expenditure for imports of  oil and goods 

required by  the food system the net figure is furth e r  reduced to  $2 , 3 5 5  

million . These import-export ( $ ) figures,  a r e  numerically e qual t o  the 

1 978-79  earnings , since all imports  and export s  were  fixed t o  the 
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Tabl e 9 . 3 :  Total  E n e rgy Req u i rements of N . Z .  E conomy , 1 978-79  

.6. H ( PJ yr- 1 ) Q ( PJ yr- 1 ) a 

Di rect 

Coal 75b 20 . 07 
O i  1 1 75b 85 . 1 2 
Natu ra 1 Gas 47b 24 . 00 
E l ectri c i ty 70b 70 . 00 
Hood 20c 3 . 78 

I n d i rect : I 1 14d 50 . 33 I I 
To ta l 1 501  2 53 . 30 

Data Sou rces : 

a .  Convers i on coeffi c i ents fo r con ve rti ng  AH to Q , obta i ned from s ect i on . 
b .  Departments of  Stati s ti cs  ( 1 980 ) . 
c .  Crude e s t i mate based on data from Pa tterson  ( 1979 ) . 
d .  Carter , Peet and Ba i nes  ( 1 980 , fo r 1978 ) . 
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1 978-79 l evel i n  this run . 

9 . 2 . 3 . 4  D irect Labour Requirement 

The d irect labour requirement was 1 7 0 , 1 7 6  man-year equivalents , yr � 

However, i t  should be noted that as  with all o ther runs , this figure 

does not include the labour requirements involved in fishing , 

t ransport-distri bution and i n  the household because of the lack of  

data . Furthermore , t he  indirect labour requirements are  also  not 

included because of  the total l ack of  data in this a rea . 

9 . 2 . 4 . 4  Direct Land R equirements  

The dire c t  land requirements for  the  food system was 1 6 , 1 8 5 , 3 00 ha . 

yr
- � Since the total land area in New Zealand is  26 , 9 1 0 ,000  ha , the 

direct l and area used by the food system is approximately 6 0 . 1 4% of the  

total land area . I t  s hould be noted that there i s  considered only to 

be a ve ry smal l  indirect l and requirement, and therefore it is  not 

important to include this in the model . For example ,  the indirec t  land 

requirement includes the land required to grow the wood for fence 

batte ns ,  and the wood required in buildings used in the food sys tem . 

9 . 2 . 4 . 5  Product Mixes and Structure of  the Food Sys tem 

The production of  the New Zealand food system , is  characteri sed by 

the large produc tion of  bee f  and sheep meat and wool ; and dairy 

products . Most of this production is exported . Arable farming, pig 

and poultry farming, and horticul tural production ma inly supply the 

domestic marke t . Overall, 4 4% of the food production by value is 

exported ( Patterson and Earle , 1 9 84 ) .  Most of the final consumption o f  

food takes place in the household ( 8 5% ), compared with only 1 5% in 

ex-household s i tuations ( Catering Es tablishments , Ho tels ) ( Department 

of Stati s tics, 1 9 7 9b ) . 

9 . 2 . 4 . 6  Nutri tional output s  

The nutritional outputs, in this  run were calculated on  the basis ,  

of " food avai lable for local consumption" .  This i s  the same basis used 

in the construction of  the New Zealand Food balance sheet ( Departmen t  
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o f  Statistics , 1 97 9a ) . All food that i s  not used for exporting, is  

assumed to be ava i lable for  l ocal consumption . 

On this bas i s , there i s  an adequate supply o f  all nutritional 

elements , except Folic Acid and Vitamin D - that i s, the RDA was 

exceeded in all cases except for Foli c  Acid and Vitamin D .  I t  s hould 

also be noted that there was also found to be inadequate intakes of 

those nutritional elements i n  all other runs , which sugges t s  that ther e  

is  actually an inadequate dietary intake o f  these nutritional element s  

i n  the New Zealand die t . This i s  confirmed by further evidence : 

( 1 )  data from Birkbeck ' s  ( 1 977 ) National Diet Survey, indicates that 

intakes of Folic Acid, are 4 5 . 6 5 %  below The R . D . A .  

( 2 )  evidence ( Harding, 1 983 , per s .  com . ). sugge s t s  that R . D . A .  for 

Vitamin D is based on American condi tions ; whereas in New Zealand 

conditions less  Vitamin D die t ary intake may be acceptabl e , due to 

greater Vitamin D s yn thes i s  from the precursor d ue to greate r exposure 

to sunlight . 

9 . 3  Run 2 :  Minimisation o f  Q 

9 . 3 . 1  Introduction 

The aim of this run was to determine the " least energy cos t "  diet,  

given the  nutritional requirement of the  population , land use  and o th e r  

constraints, and minimal imports of foodstuffs . Previous studies 

( Leach , 1 9 7 6 ;  Pimentel , 1 98 0 ) , have focused on  using energy input : 

output ratios, or energy input : protein output ratios, as  general 

measures of food production energy efficiency . In doing so , they have 

not taken account of all the nutritional outputs required to provide a 

nutritionally adequate die t .  Therefore , the aim o f  Run 2 is  t o  provide 

some insight into what consti tutes an energy e fficient diet - that is,  

what is  the least energy { Q ) required to provide a diet  which meets  the 

minimal diet ary requirements for each nutritional element as  recommended 

by the National Academy of Sciences  (1 98 0 ) .  

It  should be noted that such an approach has been attempted, in a n  

unpublished work by Rehkugler ( 1 9 76 ) ,  quo te d  b y  Fluck and Bai rd ( 1 9 8 0 ) .  

Although full detai l s  of Rehkugl er ' s  ( 1 97 6 )  work are not available ; it  

appears that t he  model use d very approximate es timates for the  energy 
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requirements ( based on  data from Hirst, 1 97 3 ) ,  and probably used 

enthalpy measurements whic h  do not take account of ene rgy quality . 

Despite the "pre l iminary" nature ( to quote Rehkugler, 1 97 6 )  of this 

work, the findings are relevant and provide a useful bas is  for 

comparison with this study: 

( 1 )  Nutrient constraints can be met with minimum energy demand by  the 

consumption of l arge quantities of relatively few food i tems . 

( 2 ) If  variety o f  foods in the daily menu and reasonable res trictions 

on food qual ities are introduced as  constraints,  more  foods are 

int roduced into the optimum solution with a resulting higher energy 

demand and lowe r  energy efficiency . 

( 3 ) As the l evel of nutrients needed in the diet increased, the e nergy 

efficiency decreased and total energy required to supply the diet 

increased . The higher nutrient quality diet d emands more e nergy input s  

into our food systems . 

{ 4 ) Cereal products and fresh vegetables a re e ne rgy e fficient foods and 

to minimis e  e ne rgy demands on our food system should be introduced  

first  i nto our  daily diet . Dairy products and meats are the next mos t 

important food i tems t o  be introduced into the diet to provide the 

higher l evel nutrient demands at a minimised e nergy cos t to our food 

system . 

9 . 3 .2 Objective Funct ion 

The o b j ective function for Run 2 ,  was the minimisation of Q ( row 

24 ) .  The energy requirement of importing the same amount of goods and 

foods tuffs required from overseas, was not included . All energy input 

values ( on row 24 ) were expressed as pos i tive ,  rather than as negative 

values a s  used in other runs . That is,  the objec tive function was to 

minimise the energy inputs ( Q ) .  

9 . 3 .3 Constraints 

9 . 3 . 3 . 1 Nutritional Requirements 

For R un 2 ,  the nutritional requirements for Metaboli c  Energy, 

Protein, Calcium , Phosphorus , Magnesium , Iron , Zinc , Vitamin A ,  

Vitamin B 1 , Vitamin B2 , Niacin , Vitamin B 1 2 ,  Vitamin c ,  and Vitamin E 

were used ( refer t o  Table  8 . 1 3 ) . This excluded T Fol i c , Vitamin B 6  and 
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Vitamin D ,  which a re also included in Tabl e  8 . 1 3 .  These last three 

nutritional element s  were  excluded because they led to computational 

problems - that i s , solutions could not be cons i s tently obtained whe n  

specifying constraints f o r  these nutritional elements,  because 

" degenerative " sequences easily developed in the iterations -inversion 

process whe reby very large numbers resulted which lead t o  the s torage 

capacity of the computing system being exceeded . 

However ,  i t  should be recognised that the use of  1 4  nutritional 

const raints,  s igni ficantly exceeds the number of constraints used in 

most o ther food optimisation problems ( refe r  to Anderson , 1 975 ) . 

Furthermore, there i s  s trong evidence to sugges t  that the c urrent 

intakes of Vitamin D ,  Folic Acid and Vitamin B6  are below the R . D . A .  

Firstly, data from Birkbeck ' s  ( 1 9n ) National Diet Survey, indicates 

that the intakes of Folic Acid and Vitamin B 6  are respectively 4 5 . 6 5 %  

and 2 0 . 5 6 %  below t h e  R . D . A . Secondly, it i s  considered that the 

Vitamin D dietary intake i s  probably below the R . D . A . , which is  based on 

American conditi ons ( pers . com . Harding, 1 983 ) .  This  i s  because it 

i s  considered that this diet arydeficiency, is probably compensated for 

by greater Vi tamin D synthesis in New Zealand , due to the greater  

exposure of Ne w  Zealanders to s unlight . I n  addition the absolute 

amounts of  these nutritional elements which are required are ve ry smal l  

i n  the case of  Vitamin B 6  � . 1 62 8  tonnes c . f .  5 2 , 07 7 . 2  tonnes  for 

Prote in ) ,  and minute in the case of Vitamin D ( 8 . 1  67 kg) and Folic Acid 

( 4 1 4 . 0  kg ) .  Hence,  in absolute terms the quan tities of  these 

nutritional elements a re not large and therefore could be suppl ied by  

"natural"  or "arti ficial " ( Vi tamin Tablets ) means wi th 

expenditure of  e ne rgy . 

9 . 3 . 3 . 2  Land Constraints 

l ittle more 

For R un 2 ,  the ful l set of land area constraints were s pecified 

( refer to section 7 . 2 . 3 ) . In  total , this included 2 8  cons t ra in t s ,  

specifying the limited amount s  of  each class of  land available and 

their l ocation ( South I sland and North I sland ) .  Thi s to tal amount o f  

land could n o t  e xc eed 1 6 , 1 85 , 300 ha , which is  equal t o  the amount o f  

land used in 1 97 8-7 9  for agriculural and horticul tural production . 
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9 . 3 . 3 . 3  Export�import constraints 

No e xports were allowed ( i . e .  export columns were set to zero ), 

and limited imports were allowed . The imports which were allowed 

included X I 1 70 � 0 . 0 0 2 4  ( Food Emuls ifiers ), XI207 � 5 - 5 383 ijo lases ) ,  

and XI � 1 30 . 00 maw Sugar ) .  These limited imports had to be includ e d , 

so that a feasible solution could be obtained . 

9 . 3 . 3 . 4  Othe r constraints 

Fish production was limited to FISH � 1 ,  l imiting fish production 

to no more than the 1 978-79 level of produc tion . Similarly , home 

production of fruit and vegetables was limited to no more than the 

current production ( HOME � 1 ) .  Land equal to the current land required 

for Tobaoco production, was allocated for that usage . Non-negativity 

constraints were placed on all variables . 

9 . 3 . 4  Results 

Direct comparison of the results from Run 2 (Minimisation of Q ), 
and Run 1 ( S tandard Run ) , are not always valid ; because es sentially 

Run 2 is only concerned with the domestic component of the food system, 

whereas Run 1 is concerned with the entire system includ ing the 

Import-Export components . It is very difficul t because of 

computational and methodological reasons ( primarily the par titioning 

problem ) ,  to allocate land , labour and energy requirements to the 

domestic component of the food sys tem . However, it should be noted 

that approximately 44% of the food ( sales value ( $ ) at processing, 

production sector boundarie s )  is exported ( Patterson and Earle , 1 9 84 ) .  

Therefore, as a " rule of thumb",  approximately 66%  of the land, labour 

and energy inputs can be al located to the domestic system . 

9 . 3 . 4 . 1 Objective function and total energy requirements ( refer to 

Tables 9 . 4 and 9 . 5 )  

The objec tive func tion value for the General Model was 1 2 , 4 38 Q . Yr- 1 

( i . e .  hydro-electricity equivalents . TJ . yr1 ) and 8 , 496  Q . Yr- 1 for the 

Distribution-Transport Model ; therefore making a sum total of 2 0 , 9 3 4  
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Tab l e 9 . 4 :  Primary Energy Requi rements o f  Run 2 - General Model 

Primary Energy Requi remen t  

Di rect 
Coa l 
Oi l 
Gas 
El ectri c i ty 
Wood 

I Imported I 
Capi ta 1 

! Sub-Total > ·--· I I i Indi rect 
I Coa l 
j 
i O i l  
! Gas 
I El ectri ci ty i 
I Imported i 
I Cap i ta 1 
r ·  
! Sub-Total 

- - ·-

TOTAL 
. .. . - �- -------- --·- . 

Q { TJ )  

756 

3 , 776 
122 

2 , 750 
22 
38 

1 17 
7 , 581 

196 

2 ,6 59 
29 

433 
1 , 247 

291 
4 ,855 

12 ,438 
� - - �-· ·------

ll. H { TJ )  

2 ,826 
7 , 763 

239 
2 , 750 

1 1 9  
87 

220 
14 ,004 

733 
5 ,466 

57 

433 
2 ,824 

548 
1 0 ,061  

24 ,065 
--·· · 

Tabl e  9 . 5 :  Primary Energy Requ i rement s  o f  Run 2 - D i s tr ibut ion  r�odel 

- -- ··· 

Primary Energy Req u i rement Q { TJ )  H {TJ ) 
· - -

D i rect 

Coal 142 531 
Oi l 2 ,868 5 ,896 
E l ectri c i ty 490 490 
Imported 24 55  
Cap i ta l  2 0  38 

Sub-Total 3 , 544 7 ,008 

I nd i rect  
Coa l 146 544 
O i l 3 ,545 7 ,288 
Gas 23 45 
El ectri c i ty 654 654 
Imported 341 772 
Capi ta 1 242 456 

Sub-Total 4 ,9 5 1  9 , 759 

TOTAL 8 ,496 16 ,767  
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- 1 Q . Yr . This comp ares wi th 7 6 , 3 8 1  Q . Yr- 1 for the S tandard Run ( Run 1 ) , 

although Run 1 includes agro-food product ion for export (44%  o f  the 
t o t al p roduct ion by sales value ( $ ) ) . There fore , part it ioning ener gy 
inputs. (Q)  on a sales value ( $ )  basis , the energy inputs (Q)  into 
dome s t i c  food p roduct ion approximately equals 4 2 , 800 Q . Yr- 1 which c an be 
reduced by j us t  under half for the opt imum value i . e .  to 20 , 934  Q . Yr- 1 • 

The great e s t  potential f o r  ener gy inp ut ( Q )  reduc t ion , by re -struc t ur ing 
the sys tem , i s  in the Gene ral Model rather than the Dis tribut ion­
Transport Model . The General Model reduced from 6 1 , 6 1 8 Q . Yr- 1 t o  

- 1 1 2 , 4 3 8  Q . Yr (by 80%) , whereas the Dist ribut ion-Transport Model 
reduced only from 1 4 , 7 6 3  Q . Yr- 1 to 8 , 496  Q . Yr- 1 (by 4 2 % ) . 

Dire c t  energy requirements ( Q ) account for 5 3 . 1 5%  of  the to ta l , 

with indirect  ene rgy requirements ( Q ) accoun ting for 4 6 . 8 5 % . In  Run 2 

( Min Q ) ,  much more reliance is  placed on i ndirect energy requirements 

( 46 . 85% ) ,  compared with only 3 5 . 38% in Run 1 ( S tandarad Run ) . The 

larges t  primary e nergy requirement was for Oil ( 5 1 . 73% ),  followe d by  

hydro-electrici ty (2 5 . 6 0 % ), then imported goods ( 1 0 . 3 4% ) ,  coal ( 7 . 6 6% ) ,  

capital ( 3 . 29 % ) ,  natural gas ( 1 . 22 % )  and wood ( 0 . 1 8% ) . The great e s t  

contrast with Run 1 ( S tandard Run ) is  the greater use ( 8 . 8 1 %  more ) o f  

Oil i n  Run 2 ,  and the lesser u s e  ( 8 . 25% les s )  o f  hydro-electricity . 

This is because the hydro-electricity usage could be substan tial ly  

reduced in the  production, process ing and consumption sectors ; but  oil 

usage could not be reduced by as much by reducing transport  inputs .  

9 . 3 . 4 . 2  Optimal diet  

The optimal diet i s  detailed by Table 9 .6 .  Large quantities o f  

cereals and hor ticul t ural products ( particularly fresh frui t ) fo rm the 

basis of  the optimal die t . There is  also a substantial quantity o f  

refined sugar . Cereal consump tion in this diet  i s  about 2 . 5  time s  the 

current production, and horticultural produc t s  consumption i s  about 

twice the c urrent production . Particularly large quantities of  mos t 

fresh fruits and onions a re use d , notably with apple consumption b eing 

about 6 times the c urrent consumption . There i s  some produc tion and 

consumption of  dairy product s ,  although a t  about 1 / 1 0  of current 

production, and some usage of small amoun t s  of meats . There i s  n o  

consumption of  fish products .  
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Tabl e 9 . 6 :  Opti ma l D i et So l ut i on
22for  Run 2 - Genera l  �1odel  

• Quant i ty U n i ts  Q Obj ecti ve Funct i o n  12 , 438 . 33 T J 
_ 5_ n} � �2���"· 

H 1 7 1  F l our  280 . 7 1 000 t onnes 
H 1 72 F l our  - Sel f Rai s i ng ( 3 . 64 )  4 . 97  000  tonnes 
H 173  Fl our  - Other ( 19 . 16 )  2 7 . 43 000 tonnes 
H 1 78 Brea kfast  Cerea l s - Wheat ( 8 . 6 1 ) 0 . 14 000 tonnes  
H 179  Bran  and  Po l l a rd ( 9 . 35 )  70 . 86 000 tonnes  
H18F  Edi b l e Offa l s ( 1 7 . 48 )  8 . 09  000  tonnes  
H204 Suga r-Refi ned ( 41 . 5 1 )  57 . 23 000 t onnes 
H206 Sugar - Gol den Syrup 0 . 9 7  000 tonnes  
H36 Pres erved Hams ( 0 . 86 )  0 . 03 000 tonnes 
H39 �-1ea t Pas te ( 0 . 24 )  0 . 02  000 tonnes  
H 140 Meat Tongues - C anned ( 0 .  37 ) 0 . 05 000 tonnes  
H400 Appl es - Fresh ( 59 . 94 )  368 . 72 000 tonnes  
H402 C i trus Fru i t - Fresh  ( 29 . 90 )  45 . 42 000 tonnes 
H403 Kiwi frui t - Fresh  ( 7 . 5 5 )  38 . 19 000 tonnes 
H404 Pea rs - Fresh  ( 7 . 19 )  29 . 26 000 tonnes 
H405 Stonefru i t  - Fresh  ( 2 5 . 45 )  69 . 4 1  000 tonnes  
H408F On ions - Fri ed ( 69 . 59 )  142 . 59 000 tonnes 
H41 An i ma l  Fat - P i g 1 . 30 000 ton nes 
H4 1 2  Grapes - Fresh  ( 2 . 0 1 )  75 . 20 000 tonnes 
H42 Edi b l e Tal l ow ( 0 . 0 1 )  2 . 39 000 tonnes 
H44 Meat Preps - Meat Extracts ( 0 . 02 )  0 . 0 1  ooo6tonnes  
H66 �-1 i  l k -Treated ( 40 . 4 1 ) 6 . 14 x 1 0  l i tres 
H68 I cecream Mi xture ( 50 . 56 )  0 . 1 1 000 tonnes 
H70 · Condensed Mi l k  and Cream ( 3 . 24 )  0 . 00 1  000 tonnes  
H71  Evaporated Mi l k  and  C ream 0 . 0 2  0 0 0  tonnes 
H72  Butter ( 60 . 12 )  3 1 . 18 000 tonnes  
H73  Whol emi l k  Powde r ( 0 . 02 )  6 . 40 000 ton nes 
H74 Spray S k i m  Mi l k  Powder 23 . 64 000 tonnes  
H75  Ro l l er Sk im  Mi l k  Powder 0 . 30 000 tonnes  
H76  Buttermi l k  Spray Mi l k  Powder 2 . 6 1  000 tonnes  
H77  Buttermi l k  Ro l l er Mi l k  Powder 0 . 45 000 tonnes  
H78 Mi l k  Powder Prod ucts 3 . 40 000 tonnes  
H79  Anhydrous Mi l k  Fat  ( 0 . 05 )  2 . 30 000 tonnes  
H7G  P i g - Gri l l ed ( 34 . 14 )  1 . 19 000 tonne s  i 
H80 Cheese - Hard ( 5 .  3 7 )  1 0 . 79 000 tonnes  J i 

l 

The va l ues  i n  parenthes i s , are the approx i mate 1 9 78 -79 househol d  consumpti o n  
of  these products . Th i s  does n o t  i nc l ude con s umpti on  i n  cateri n g  es tabl i s  
o r  hotel s .  Furthermo re , the quant i ti es  i nd i cated here , we re not neces sari l y  
prepared by the coo k i n g  modes used i n  the optimal  s o l u t i on . 



2 2 9  

This represents a s imilar but not e ntirely identical diet,  a s  t h e  

optimal diet  determined b y  Rehkugler  (1 9 7 6 )  for the United States food 

system . As  in Rehkugler ' s  ( 1 97 6 )  study c ereals predominated the d i e t ,  

al though in t h i s  case fresh fruits ( rather than fresh vegetables ) 

tended to predominate the diet . Unlike Rehkugler ' s  ( 1 9 7 6 ) s tudy, sugar 

consumption was an important element of  the optimal solution obtained 

here, providing a cheap source of  metabolic energy . Also , unlike 

Rehkugler ' s  ( 1 9 7 6 )  s tudy , some consumption of dairy, and to a much 

lesser extent, raeat products were required . The small amount of meat 

products appear necessary for providing almo s t  al l the Vi tamin 8 1 2  

requirement i n  the diet . Finall� like R ehkugler ' s  ( 1 97 6 ) study, and 

like sugges tions from o ther s tudies ,  fish product s are greatly "energy 

inefficient"  sources of nutritional elements whether it be metaboli c  

energy, protein or  o ther nutritional el ements . 

The opt imal diet could be al tered by introducing cons t raints t o  

restrict the probably unacceptable inputs of  some products 

( particularly flour ) .  This will have the e ffect of  introducing les s 

energy efficient ( Q ) food products  into th e diet,  and therefore 

increasing the objective func tion value . 

9 . 3 . 4 . 3  Nutri tional outputs 

Table 9 . 7  details the nutriti onal outputs obtained from Run 2 ,  

along with val ues for the RDA , and actual nutri tional outputs 

cal cul ated from data from Birkbeck ( 1 9 7 7 ) .  The RDA we re exceeded for 

1 4  nutri tional outputs wi th the notable exception being Vi tamin D ,  

Folic Acid and Vi tamin B6 . Furthermore, al though there is  no  RDA for 

Dietary Fibre an in take of  nearly 50g/person per day was obtained, 

which is considered adequate . 

Table 9 . 8  details the sources o f  each nutritional output . Cereals 

formed the basl s  of th e di et being the main source of Dietary Fibre 

( 72 . 2% )  Metabolic Energy ( 4 5 . 2 % ), Protein 68 . 3% ) ,  Calcium ( 44 . 6% ) ,  

Phosphorus (7 0 . 4% ) , Magnesium (83 . 3% ) , Iron ( 83 . 6% ) , Zinc (8� . 7 % ) ,  

Potassium ( 40 . 6% ) ,  Vi tamin B 1  (80 . 1 % ) ,  Niacin ( 9 1 . 7% ) ,  Vitamin B6  

(76 . 2% )  and Folic Acid ( 78 . 6% ) . The main function of  Dairy Product s  

was t o  supply Calcium ( 42 . 9 % )  and vitamins , particularly Vitamin D 
1 

----�S2?�·-'2.V_�-- �E�i �--�l"!�--��eg�table s  a l s o  playe d an important  role i n  

1 .  Thi s assumes fort i f ied dairy p roduc t s , as  detailed i n  Paul and Southgate 
( 1 9 7 8 ) . For New Zealand most Vit amin D i s  not derived from dietary int ake , 
being produced by photo synthet ic means (refer to  sect ion 9 . 2 . 4 . 6 ) . 
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Tab l e  9 . 7 :  Nutri t i onal  Outputs for Run 2 - Genera l Model 

-- - -
Va l ues 

Nutri t i onal  Outputs ' 
Actua l b Opt ima l Recommendeda 

M i n i mum 

F I BRE Tonnes 55 , 492 . 8  - -
ENERGY TJ 10 , 700 . 1  1 0 , 700 . 1  1 2 , 6 4 1 . 3  
PROT Tonnes 63 , 6 5 1 . 2  5 2 , 077 . 2  92 , 086 . 9  
FAT Tonnes 89 , 256 . 3  - -
CA Tonnes 1 , 076 . 1  990 . 1  9 2 1 . 5  
p Tonnes 1 , 789 . 9  987 . 2  -
�1G Tonnes 576 . 2  344 . 9  -
FE kg 18 , 734 . 8  1 8 , 383 . 1  1 9 , 6 30 . 0  
NA Tonnes 590 . 3  - -
ZN kg 16 ,996 . 1  1 5 ,963 . 4  1 2 , 40 0 . 0  
K Tonnes 3 ,004 . 7  - -
A kg  945 . 9  945 . 9  -
8 1  kg 1 , 928 . 6  1 , 2 78 . 1  1 , 1 14 . 3  
82 kg 1 , 5 2 1 . 4  1 , 5 2 1 . 4  3 ,442 . 0  
N IAC I N  kg 29 ,054 . 4  1 6 ,895 . 5  2 1 , 54 1 . 3  
86 kg  1 , 879 . 5  2 , 162 . 8  1 , 7 18 . 1  
8 1 2  g 4 , 541 . 7  3 , 358 . 9  5 ' 1 18 . 5  
FOL I C  k g  1 70 . 5  - -
TFO L I C  k g  347 . 7  4 14 . 0  -
c Tonnes 68 . 9  64 . 4  99 . 6  
D g 289 . 8  8 , 16 7 . 2  -

I 

E kgs  I 9 , 608 . 6  9 ,608 . 6  I -
I I I 

a .  From Tab l e  8 . 1 3 .  
b .  Approxi mate D i e ta ry I ntake ca l cu l ated from B i rkbeck • s  ( 1976 ) 

Nat i onal  D i et Su rvey . 

. - _,.. 



2 3 1  

Tabl e 9 . 8 :  Sources o f  N utri t i onal  Output fo r R u n  2 - Genera l  Mode l 

Nutr i t i ona l  Output 

D i etary F i bre 
Metabo l i c  Energy 

Prote i n  

Cal c i um 
Phos p horus 

t-1agnes i urn 
I ron  
Z i nc  
Potas s i um 

V i tami n  ·A 

V i tam i n B 1  
V i tami n B 2  

N i ac i n 
V i tam i n B6  
V i tami n B 1 2  
Fo l i c  Aci d  
V i tam i n  C 
V i tami n D ( note a )  
V i tami n E 

Majo r  Sources ( % )  
Cerea l s  ( 72 . 2 ) , Fru i t and  Vegetabl es ( 27 . 8 )  
Prote i n ( 1 0 . 1 ) , Fat ( 30 . 9 ) , Carbohydra te ( 59 . 0 )  
Cerea l s  ( 1 5 . 2 ) , Fru i t  and  Vegetab l e ( 26 . 8 )  
Da i ry Products (·1 6 . 2 )  , Refi ned Sugar  P roduct ( 8 .  6 )  . 
Cerea l s  ( 68 . 3 ) , D a i ry P roducts ( 22 . 1 ) , F ru i t  and 
Vegetab l es ( 7 . 0 ) . 
Cerea l s ( 44 . 6 ) , Da i ry P ro ducts ( 42 . 9 )  
Cerea l s  ( 70 . 4 )  
Cerea l s  ( 83 . 3 ) 

Cerea l s  ( 83 . 6 )  
Cerea 1 s ( 82 . 7 )  
Cerea l s  ( 40 . 6 ) , Fru i t  and Vegetab l es ( 40 . 3 ) , 

Dai ry Products ( 18 . 0 )  
Edi b l e  Offa l s ( 60 . 0 ) , Da i ry Products ( 38 . 3 )  
Fru i t  and Vegetabl es  ( 2 . 7 )  

Ce rea l s  ( 80 . 1 )  
Da i ry Products ( 37 . 5 ) , Cereal s  ( 33 . 9 ) , ��eats ( 1 5 . 2 )  

Fru i t and Vegetabl es ( 13 . 4 ) . 
Ce rea l s ( 9 1 . 7 )  
Cerea l s  ( 76 . 2 )  
�1eats - Edi b l e  Offa l ( 75 . 2 ) , Da i ry Produ c ts ( 24 . 8 )  
Cerea l s  ( 78 . 6 ) , Fru i t and Vegetabl e s  ( 14 . 2 )  
Fru i ts and Vegetab l es ( 96 . 3 )  
Da i ry Products ( 95 . 0 )  
Fru i t and Vegeta b l es  ( 77 . 6 ) , Cerea l s  ( 1 3 . 9 ) , 
Dai ry Products ( 8 . 5 ) . 

a .  For fort i f i ed da i ry p roducts from Pau l  and Southgate ( 19 78 )  
I n  New Zea l and  mos t  v i tami n D i s  obta i ned from photosynthet i c  s o u rces , 
not d i etary sou rces ( refer to s ecti on  9 . 2 . 4 . 6 ) . 
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supplying vitamins particularly Vitamin C { 96 . 3% )  and Vitamin E 

IT7 . 6% ) . A relatively smal l  amount of  Meats � . 38 tonnes ) mainly b eing 

Edible Offals { 8 . 09 tonne s ),  s upplied mos t  of  Vitamin A �0 . 0% )  and the  

Vitamin B 1 2  (7 5 . 2% )  requirements . 

The major change i n  the diet  from the e xis ting diet i s  the change , 

from meat t o  cereals as  the main protein and metaboli c  energy sourc e . 

The main sources of  prote i n  in the c urrent diet a re animal protein 

( 4 5 . 2 - 5 0 . 2 % ,  depending on age-sex cohort , Birkbeck , 1 977 ) ,  dairy 

products ( 1 7 . 8 - 2 1 . 0% )  and vegetable protein ( 3 1 . 6 - 35 . 2% ) . Cereals 

only accounted for between 1 � 4  and 3 . 2% in the same survey . Wherea s , 

in Run 2 the use o f  cereals as  a protein source increased to 6 8 . 3% ;  

the use of  meats as  a protein source virtually disappeared ; the use  of  

dairy product s  as a protein source increased slightly, and the use o f  

fruit and vegetables a s  a protein source decreased . The main source of 

Metabolic Energy in the c urrent diet is  Fat ( 4 1 . 1 - 4 3 . 3% ,  depending on 

age-sex cohort ; Birkbeck , 1 97 7 ) ,  followed by Carbohydrate ( 38 . 4 -

39 . 7% ) ,  Protein ( 1 3 . 5 - 1 4 . 3% )  and Ethanol ( 1 . 8 - 6 . 4% ) .  Wherea� i n  

Run 2 Carbohydrates ( 59 . 0% )  primarily derived from cereal s and to 

lesser extent refined s ugar, provides the main source o f  metabol ic 

energy ; rather than fat derived from meat . The use of protein, fat s  

and ethanol all reduce a s  metabolic energy sources i n  Run 2 ,  with 

ethanol usage dropping to zero . 

9 . 3 . 4 . 4  Exports-Imports 

One of  the main aims of  Run 2 was to  reduce , the direct imports  of  

foodstuffs , and  completely restrict exports . However , some imports o f  

foods tuffs are necessary, a s  New Zealand does not produce some 

essential foods tuffs ( XI 1 7 0 ,  Food Emulsifiers ; XI207,  Molas ses ; X I 6, 

Raw Sugar ) .  The optimum solution required the importation of  7 9 , 9 8 7  

tonnes o f  Raw Sugar , 2 . 4  tonnes of Food Emulsifiers and 5 , 538  tonnes o f  

Molasses . The cost of  these imports o f  foodstuffs was $ 1 978-79  1 8 . 72 

million ( C . I . F . ) .  No energy requirement  ( Q ) was associated with the 

importing of  these products, so therefore they are considered in Run 2 

to be essen tially " free" inputs .  However,  even i f  an energy 

requirement ( Q ),  say of 4 1 . 04 TJ/$ 1 06 were use d , this is not e xpec ted  to 

significantly affect the resul t s  as this only amounts  to  768 TJ . 

Another approach, could be to  s et  up a notional suga r beet indust ry , to  
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locally produce sugar - this would involve detailed costing and 

e s timation procedures beyond the scope of  this s tudy . 

Al though there i s  restricted imports of  food in Run 2, imports of 

oil , materials and capital equipment are required . The cos t of the oil 

is $ 1 978-79 37 . 62 million ( C . I . F . ) and the cos t  of  material s  and 

capital equipment are $ 1 978-79  4 0 . 1 0  million ( C . I . F . ) .  

9 . 3 . 4 . 5  Direct Labour Requirements 

The direc t labour requirement was 47 , 5 0 5  man-year equivalents , yr- � 

This i s  only 26 . 7% of the labour requirements of Run 1 (S tandard R un ) . 

9 . 3 . 4 . 6  Direct Land Requirements 

The - direc t land requirement for Run 2 was 1 , 38 6 , 600 ha . yr- 1
, wh ich 

is only 8 . 57 %  of the total land in food produc tion in 1 978-79 ( refe r  to 

Table 9 . 9 for details) . All of this direct land requirement is for 

high grade,  productive Class I and Class II  land - in fac t nearly all 

of  the Class I land and all o f  the Class II  land is  required . By using 

some more land ( about an estimated 1 6 , 000  h a  using d ata from Harris et  

al . ,  1 9 79 ) , to provide a local supply of sugar from sugar bee t ,  i t  

would be poss ible to produce enough food to supply t h e  New Zealand 

population, on about 9 %  of the total land used for food production in 

1 978-79 (or about 5% of the New Zealand total  land area) . This would 

require all Class II  land and some Class III land , and leave large 

areas of lower class productive land for o ther productive purposes .  

9 . 3 . 4 . 7  Structure of the Food System 

Table 9 . 10 , details the sector activities for the food sys tem for 

Run 2 ( an activity of  1 = the sec tors 1 978-79 production ) . The 

cropping sectors ac tivity increases by 2 . 48 time s ,  and the 

horticultural sector ' s  activity increases by 2 . 05 time s . Factory 

supply dairy farms are a t  only 0 . 1 4  times the 1 978-79 production which 

is  about the level of  Town supply dairy farms for 1 978-79 . There is a 

very small amount of  sheep and beef farming ( South Island Intensive 

Fattening ) .  The processing sectors are s ub s tantially r�duced wit h  no 

processing of  fru i t  and vegetable s , some production from Co-ope rative 
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Tabl e 9 . 9 :  Di rect  Land Requi rements for Run 2 - General 11odel 

Land Cl ass  Area ( 000 h a )  

Optimal  Ava i l ab l e  

I ( Both I s l ands ) 1 77 . 3  186 . 3  

I I ( Both I s  1 ands ) 1 ,209 . 3  1 ,209 . 3  

I I  ( South I s l and)  7 7 . 6  4 1 1 . 2  

l i E  ( South I s l and )a 2 . 0 92 . 5  
Al l C l a s s  ( Both I s l ands ) 1 , 386 . 6  16 , 105 . 3  

a .  For Tobacco Farm i n g .  

Tabl e 9 . 10 :  Food System S tructure for Run 2 - General Model 

Sector Sub Sector Act i v i tya 

CROP 2 . 48 

CROP2 2 . 48 

FDFARf1 0 . 14 

FDFAR1 0 .0 1  

FDFAR2 0 . 13 

HORT 2 .05  
HORTl 2 .05  

SI  FAT 0 . 1 1  

S I FAT2 0 . 1 1  

CDA I RY 0 . 14 

FWORKS 0 . 13 

GRA I N  1 . 37 

SUGAR 0 . 40 

a .  The activi ty = 1 ,  for the sectors 1978-79 p roduction . 
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Dairy Companies ( 0 . 1 4 )  and some production from Freezing Works ( 0 . 1 3 ) . 

However, grain milling produc tion is increased ( 1 . 37 ) ,  and sugar 

refin�ng is at  0 . 40 times the 1 978-79 leve l . 

There i s  no fi sh production, and very littl e  me a t  produc tion , 

indicating that such production is energy inefficient ( or inoptimal ) ,  

when all nutritional outputs are taken into consideration . This 

confirms previous findings from s tudies which have only singularly 

considered the energy efficiency of providing energy, protein or weight 

outputs ( Leach, 1 97 6 ; Pimentel and Pimentel,  1 979 ) . 

I t  should also be noted that there is  no Home Produc tion of fruit 

and vegetables , no ex-household consumption ( Catering Establishme n ts , 

Hotels ) ,  and very li ttle cooking of foods . 

9 . 4  Run . 3 : Maximisation o f  Q ( N e t  Energy Yi e l d ) 

9 . 4 . 1  Introduction and Background 

Like Run 2 ,  Run 3 is based on the Net Energy C oncept . Run 2 ,  

aimed to minimi se net energy loss from the sys tem , taking a ccoun t  of  

only domestic food d emand . Run 3 ,  introduces the dynamics o f  

international trade , which implies a whol e  series of c hoice s  and 

trade-offs between using food for domestic consumption or  for external 

trade . The criteria ( o r objective function ) being used here, is that 

of  overall net energy gain . Energy is  necessarily lost to the system 

when it  i s  required to be used to produce food for domes tic 

consumption ; but it  is gained in the trading process - usually in much 

larger amounts . Only small amounts of  energy are required for 

producing foods for exports,  but in return these foods can b e  exc hanged 

for oil and ene rgy intensive goods , therefore allm.;ring the system to 

gain net energy . Net energy gain from trade or  from inte rnal primary 

energy sources ) provides the basis for physical growth of the New 

Zealand e conomy . Henc e ,  the importance of net energy gain from t rading 

foods ,  and the rationale for using net energy gain as the objective 

function for Run 3 .  

· ...... 
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9 . 4 . 2  Objec tive Function 

TQe objective function for Run 3 ,  was the maximisation of  net 

energy gain , by the food system , given by the following e quation : 

Qnet  energy = Qgain( General+Transport Model ) - Qlost( Gene ral+Transport 

Model ) 

Q gR i n  equals the energy gained in the trading o f  food sys tem products  
( $ ) , for energy embodied in  imported fuels and me rchandise ( 4 1 . 0 4 MJ/$ 

, weighted mean) . Q gain is therefore , directly proportional to the 

varia ble DOLNET ( ne t  val ue of agro-food products exported ) .  Q lost  

eq uals the energy used by the  food system in producing food system 

products for domes tic consumption and export .  

9 . 4 . 3  Cons traints 

9 . 4 . 3 . 1  Domes tic Food Consumption Cons traints 

For Run 3 ,  the household consumption rows were fixed at the 

1 978-79 consumption levels . The columns for the Cate ring Industry 

( CATERS ) and the Hotel Industry ( HOTELS ) ,  were set at  the 1 978-79 

activities . By setting the domes tic food consump tion at 1 978-79 

l evels, optimal solutions we re rela tively easily obtained ( 1  1 6 6  

iterations & 42 0 . 35 CPU seconds for the General Model ; 389  i terations 

& 237 . 82 CPU seconds for the Transport Model ) .  Whereas, by u sing 

nutritional constraints to determine domestic food demand , the problem 

was much more difficult to solve ( up to 6 , 000 iterations for the 

General Model ) ,  and degenerative sequence s  frequently developed in such 

runs . 

9 . 4 . 3 . 2  Land Constraints 

For Run 3 ,  the ful l set of l and a rea cons traints were specified 

( refer to sec tion 6 . 2 . 3 ) .  In  total , this included 28  cons t raints , 

specifying the limited amounts of each class o f  land available and 

their location ( South I sland and North I sland ) .  The total amount o f  

land could not e xceed 1 6 , 1 85 , 3 00 ha, which i s  e qual to the amount o f  

land c urrently used for agricul t ural and horticultural production . 
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9 . 4 . 3 . 3  Export-Import  Cons traints 

There a re obvious cons traints on the market levels for almos t a l l  

agro-food product s , determined b y  a mix of political-economic fac to rs . 

I t  is  very difficult to fix e xact limits on the market l evels,  

e ssentially because of  their indeterminate and variable  nature . In 

view of  this difficulty, the approach here was to set the market l evel s  

a t  twice the exis ting l imits , and then t o  vary these constraints s o  a s  

to test  the impact o f  restricting market s  on the other variables i n  the  

model . Howeve r , i t  should be recognised that market l evels a t  twice 

the exis ting level are " optimistic" , particularly for dairy and meat 

products . 

I t  was found to be neces sary to place some cons traints on the 

export-import l evels because : 

( 1 )  where the import value ( $ )  of a product was less than the export 

value ( $ ), the problem became unbounded, as product s could be imported  

then exported inde finitel� so increasing the  objective function.  In 

Run 3,  such products which had import values ( $) less than the export  

value s ( $ ),  were not allowed to be exporte d .  

( 2 )  the problem became essentially unsolvable ,  a s  "d egenerative " 

computational sequences readily developed , if  no export-import 

const raint s were imposed on the problem . 

9 . 4 . 3 . 4  Other Cons traints 

Fish production was limited to FISH � 1 ,  limiting fish production 

to no more than the 1 9 78-79  level of produc tion . Similarly , home 

production of fruit and vegetables was limited to no more than the 

1 9 7 8- 7 9  l evel of produc tion ( HOME � 1 ) .  Land e qual to the current land 

re quired for Toba�D p roduction, was allocated for that usage , 

Non-negativity const raints were placed on all variables . 

9 . 4 . 4  Resul t s  

9 . 4 . 4 . 1 Objective Func tion and Total Energy Requirements 

The objective function value for the General Model was 1 29 , 0 00 Q 

( i . e .  hydro-electricity equivalent s .  T�yr 1 ) and - 1 4 , 7 6 3  Q for the 
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Distribution-Transport Model ; there fore making a sum t o tal o f  1 1 4 , 23 7  

Q .  That i s , the net  energy gain  o f  the food sys tem was 1 1 4 , 2 3 7  Q for 

Run 3,  compared with 4 1 , 472 Q for Run 1 ( Standard Run ) . This high n e t  

energy gain , was gained by nearly doubling n e t  export  receipts from t h e  

Standard Run, with only a relatively small increase in t h e  energy 

requirement s  of the food system ( 1 00 , 5 6 6  Q c . f . 76 , 38 1  Q )  ( re fe r  to the next 
section , for further details concerning the net export receipts ) .  

Detai l s  of the primary energy requirement s  for the General Mode l  

and the Distribution Mod el are respectively outlined b y  Tables 9 . 1 1 & 

9 . 2 .  In total, the primary energy requirement i s  1 0 0 , 5 6 6  Q, o f  which 

8 5 , 303 Q is  required by the General Model and 1 4 , 763  Q is required by 

the Distribution-Transport Model . Thi s  i s  equivalent to  7 5 . 8 %  of  the 

primary energy requirement of  the 1 978-79 New Zealand e conomy, which 

represents a very large i ncrease in the energy requirements o f  the 

agro-food sector . However, this i s  more than offset, by  the even 

larger amounts  of  net energy gained by large increases in  export 

receipts . 

Direct energy requirements ( Q ) account for 5 9 . 87% o f  the total, 

with indire c t  energy requirements ( Q ) accounting for 4 0 . 1 3% .  The 

largest  primary ene rgy requirement was for Oil ( 44 . 98% , Q) fol lowed by  

hydro-electricity � 9 . 7 5 % ) , Imported Goods ( 9 . 94% ), Coal ( 8 . 9 6 % ) ,  
Capital ( 3 . 89% ), Natural G�s ( 2 . 3 5 % )  and Wood 0 . 1 2% ) . 

9 . 4 . 4 . 2  Export Earnings ($ 1 978- 7 9 )  Refe r to Ta�l-�- --�·-1_�� 

The gross  export earnings ( DOLLAR ) were $ 5 , 4 3 2  million, expressed 

in 1 978-79 dollars ( f . o . b . ) .  The net export earnings ( DOLNET ) 

were $ 5 , 2 3 4  million , expressed in 1 978-79 dollars ( f . o . b .  - c . i . f . ) .  

The net export earnings ( DOLNET ) included the gross earnings  ( DOLLAR ) 

minus expendi ture on imports  of foodstuffs . By includi ng expendi ture 

for imports of  oil and goods required by the food system the net figure 

is  further reduced to $447 0 million , expressed in 1 9 78- 7 9  dollars . 

This final net figure i s  1 . 9  times the 1 978-79 export earnings 

expressed in 1 978-79  constant dollar terms . 
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Tab l e 9 . 1 1 :  Pr ima ry Energy Requ i remen ts o f  Run 3 - General  Mode l  

Pri mary Energy Req u i rements 

D i rect  
Coa l  
O i l 

Gas 
E l ectri ci ty 
Wood 

I mported 
Ca!=' i ta 1 

--� - ------

Sub-Total 

I nd i rect 

Coal  
O i l 
Gas 
E l ectri ci ty 
I mported 
Cap i tal  

Sub-Tota l 

TOTAL 

I 

I 

i 
I 
I 

i 

Q ( TJ )  H ( TJ ) 
---

7 , 1 72  26 , 803  
1 7 , 993  36 , 99 3  
2 ,070 4 , 054 

24 , 358 24 , 3 58 
1 2 5  6 6 2  
2 7 9  6 3 1  

1 , 095 2 , 06 1  
53 ,092  95 , 56 2  

1 , 283 4 , 796  
16 , 488 33 ,89 8  

258 505 
3 , 3 79 3 , 379  
8 , 9 74 20 ,326  
2 , 329  4 , 384 

32  ' 7 1 1  6 7 , 288 l r 
85 , 803  1 62 ,850 J ' 



2 40 

9 . 4 . 4 . 3  Direct Labour Requirements 

The d irect labour requirement was 270 , 803 man-years e quivalen ts . yr- 1 

This i s  1 . 6 times the labour requirements for Run 1 ( S tandard R un ) . 

9 . 4 . 4 . 4  Direc t Land Requirement 

The d irec t  land requirement for Run 3 was 1 6 , 1 8 5 , 300 ha , yr-; which 

Ls the maximum allowable - that is equal to the 1 978-79 area in food 

production . 

Table 9 . 1 3 outlines the land use patte rns for Run 3 .  Class I land 

is mainly used for horticult ure ( 1 2 1 , 7 6 0  ha ) ,  with smaller areas being 

used for beef and sheep farming ( 3 4 , 000 ha ),  pig farming ( 1 9 , 000 ha ), 

dairy farming (9 , 540  ha ) and tobacco farming ( 2 , 000  ha ) .  Class II land 

is mainly used for dairy farming ( 888 , 27 0  ha ) ,  wi th lesser a reas being 

used for beef and sheep farming ( 488 , 800  ha)  and cropping ( 1 5 4 , 7 1 0  ha ) .  

Class I I I  land is used for dairy farming ( 1 , 69 5 , 200 ha) and sheep and 

beef farming (733 , 00 0  ha ) .  Nearly all Class I V ,  V ,  VI and VII land is 

used for beef and sheep farming, except for a very small amount o f  

Class I V  land used for poultry farming (8 , 0 0 0  ha ) .  

9 . 4 . 4 . 5 Structure of  the Food System 

For Run 3 ,  the main s tructural feature of the food system was the 

increased production of  the Dairy , Beef/Sheep and Horticultural 

sectors, so to maximise export e arnings and hence net energy gain . 

This was achieved for greater usage of the higher classes of  land , by 

utili zing c urrently idle land and by utili zing land currently used for 

cropping . Cropping production decreased due to imports o f  wheat a t  

2 . 1 8  times the current  imports ( i . e .  87 , 268  tonnes c . f .  3 1 , 758  tonnes 

for 1 978-79 ) .  

Production from both Co-operative Dairy Companies ( CDAIRY ) 

increased and Freezing Works ( FWORKS ) ,  and production from the 

horticult ural sector  ( HORT ) increased by 1 . 4 8  time s . This enabled 

exports far in excess of currrent exports from these sectors ( refer to 

Tabl e 9 . 12) Excepting wheat the imports o f  all foods tuffs remained a t  

approximately the 1 978-79 leve ls .  
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Tab l e  9 . 12 :  Exports for Run 3 - General Model  

Product 
Quant i ty ( Tonnes ) 

Optimal 1978-79 Exports 

X1 Beef 395 ,885 2 1 3 ,000 
X2 Vea l 1 8 , 700 9 ,,350  
X3 ' Nut ton 1 6 1 ,368 92 ,900 
X4 Lamb 526 ,833 3 1 5 ,450 
XP 6 Wool 482 ,992 262 '771  
XP  10 Barl ey 24 ,491  1 2 , 245  
XP 18  Appl es 167  ' 720 83 ,860 
XP 21 Kiwi fru i t 18 ,737 9 ,886 
X 301 F i s h  - Frozen 20 ,274 20 ,274 
X 72 Butter 301 ,406 166 ,559 
X 73 Wholemi l k  Powder 83 ,436 5 5 , 593  
X 74 Spray Sk im  Mi l k  Powder 239 ,852 1 1 9 ,926 
X 76 Butten11i 1 k - Spray 20 , 542 10 , 27 1  
X 78 Mi l k  Powder Products 1 8 , 360  9 , 180 
X 79 Anhydrous �1i 1 k fat 36 ,480 26 , 159 
X 80 Cheese - Hand 1 1 0 ,409 6 3 , 366  
X 82 Casei n - Ac i d  70 ,408 45 ,246 
X 83 Casei n - Rennet 12 ,881  7 , 126 
X 84 Casei nates 23 , 556 14 ,980 

· -

Tab l e  9 . 13 :  D i rect Land Requi rements of Run 3 - General Model 

Land C l a s s  Production Sector Area ( 000 h a )  

I HORT 1 2 1 . 76 

S I  FAT 34 . 00 

P I G  19 . 00 

FDFAR 9 . 54 

TOBAC 2 . 00 

I I S I FAT 488 . 80 

FDFAR 399 . 4 7  

TDFAR 166 . 32 

CROP 154 . 7 1  

I I I  FDFAR 1 ,695 . 60 

- S I  FAT 733 . 00 

I V  S I FAT 1 ,4 18 . 60 

X I  FAT 1 , 274 . 99 

POULT 9 .00 

V S I  FAT 1 1 1 . 60 

X IFAT 86 . 50 

V I  XH I LL 3 ,979 . 80 

SHILL 2 ,734 . 00 
'· 

V I I  ·. XHH ILL  2 , 747 . 80 
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The increased production o f  t h e  horticul tural sector h a d  to  

compensate, for  no home production of horticult ural product s . Thi s i s  

due t o  t.he energy inefficiency of  home production of  such products 

referred to in section 8 . 2 .  

Fish production reached its  upper limit, despite the apparent 

energy in--efficiency of this sector revealed in R un 2 .  

All of  the processing sectors which e s sentially supply the 

domestic market ,  remained at about the 1 9 78-79 leve l s  of produc tion . 

9 . 4 . 4 . 6  Household Sector 

Two conflicting fac tors should be taken into cons ideration when  

selecting the  optimal method of cooking . Firstly , cooking methods such 

as bakin& roasting and grill ing are less energy e fficient ( MJ/kg ),  

compared with cooking method s  such as steaming, boil ing, frying-he a ting 

and deep frying ( refer to Table 8 . 10 )  . However, secondly baking and 

roasting are less destructive of vi tamins , than boiling and frying 

cooking methods ( re fe r  to  Table 8 . 1 2 )The resul t s  from Run 3 ,  indicate 

that the first factor ( ene rgy e fficiency ) outweighed the second factor 

( vi tamin conservation ) ;  because the more energy e fficient but more 

vitamin dest ructive methods of cooking ( boil ing and frying ) we re 

selected as  being optimal refer to Table 9 . 1 4 ) .  

Only very small amoun t s  o f  the cooked food s we re baked ( 1 , 00 0  
tonnes) , roasted ( 3 , 50 0  tonne s ) or s teamed ( 400 tonnes ) .  Mos t  cooked 

food was boiled ( 669 , 7 0 0  tonne s ) ,  fried-heated ( 46 7 , 900 tonnes ) or  deep 

frie d  ( 1 43 , 000 tonnes ) .  A s ignificant proportion of  the foods remained 

uncooked ( 65 9 , 00 0  tonnes ) ,  with the " non-cooking" obviously  being 

preferred whe re poss ible a s  i t  is  the mos t  energy e fficient mode a s  

well a s  being the less vitamin destructive . 

9 . 4 . 4 . 7  Nutritional Output s  

The s ame s e t  of  nutrit ional outputs were obtained a s  f o r  Run 

( S tandard Run ) ,  as the same d ata were used for determining the 

household demand for food s . There was an adequate supply of  all 

nutritional elements,  e xcept  for Folic Acid and Vitamin D .  The reasons 
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Tab l e 9 . 14 :  Househ o l d Cook i ng ,  Food Prepa ra t i on  and Storage Modes  

for Run  3 - Genera l  Model 

-----,..----------------.----�---- ---- ----- --- - -

�1ode Acti v i ty ( x l06 tonnes ) 
----- -�-- r--------�----------- ------ ------- - --- -------

C l  Ba k i ng  0 .  001  
C2  

C3  
C4 
C5 
C6 

Cl 

CS 

C9 
ClO  

��·�-�� ---

Roasti ng  
Gri 1 1  i ng  
Steami ng  
Boi l i ng  
Fry-Heati ng  
Deep Fryi ng 
Toast i ng  
Refr i gerat i on 
Base l oad 

0 . 035 

0 . 0004 
0 . 6997 
0 . 4679 
0 . 1430 

1 . 444 

2 . 006 
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why there was an in adeq uate s upply of these nutritional elements are 

fully discussed i n  section 9 .  2 .  4 .  6 ( Run 1 ) .  

9 . 5  Run 4 :  Maximisation o f  Net Export Earnings 

9 . 5 . 1 Introduction 

Run 4 is analogous to Run 3 ,  as it aims to maximise net export 

earnings ( $ ) , this time e numerated in terms of  economic returns 

( 1 978-79 cons tant dollar t e rms) , ins tead of energetic returns . The 

purpose of this run is to provide a constrast between using economic 

and energetic  criteri a .  It  i s  argued elsewhere i n  this s tudy, that 

energy is a bette r  measure of absolute scarcity than mone tary 

measurements , and there fore is a more appropriate numeraire to use 

par ticularly in long term analyses ( refe r  to secti� 6 . 1 . 4 and late r in 
Chapter 1 0 ) . 

9 . 5 . 2  Objec tive Func tion 

The objective func tion for Run 4 ,  was to maximise net export 

ea rnings ( DOLNET - row 2 5 ) . DOLNET, represen ted the gross  export 

earnings, minus the value of imported foostuffs, oil and merchandise 

required by the food sys tem . All values were expressed in te rms of 

1 9 78- 7 9  constant dollars . 

9 . 5 . 3  Cons t raints 

For Run 4 ,  the nutritional re quirements for Metabolic Energy , 

Protein , Calciu� Phosphorus , Magnesium, Zinc, Vitamin A ,  Vitamin 8 1 , 

Vi tamin 82 , Niacin , 8 1 2 ,  Folic Acid , Vitamin C and Vi tamin E we re use d 

( refer to Table 8 . 1 3) . This excluded Vi tamin 8 6 ,  Vitamin D and Iron . 

The inclus ion of these last 3 nutritional requirements , lead to 

computational problems, the same as those referred to in Run 2 

( Minimisation of Q ) .  Furthermore , as with Run 1 ,  2 & 3 ,  solutions 

could not be found when including the Vitamins 86 and D ( refer to 

section 9 . 3 . 2 . 1 for a fulle r discussion of  these problems ) .  
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9 . 5 . 3 . 2  Land Constraints 

For Run 4 ,  the full set o f  land area cons traints were specified 

( re fer to sec tion 7 . 2 . 3 ) . In total , this included 28  const raint s ,  
specifying the limited amounts o f  land available and their location 

( South Island and North Island ) .  Th is to tal amoun t o f  land could not 

exceed 1 6 , 1 85 , 300 ha which is equal to the amount o f  land used in 

1 978-79 for agricul tural and hor ticultura l  production . 

9 . 5 . 3 . 3  ��ort- Import Constraints 

As with Run 3, e xports were allowed up to twice exis ting leve l s ; 

and imports could be at any le vel ( refer to sec tion 9 . 3 . 2 . 3  fo r a 

ful ler discuss ion of the reasons for set ting such cons traints ) .  

9 . 5� 3 . 4  Other Cons train ts 

Fish production was limited to FISH � 1 ,  limiting fish production 

to no more than 1 9 7 8-79 levels of produc tion . Similarly , home 

production of frui t and vegetables was limited to no more than the 

1 978-79 leve l s  of produc tion (HOME � 1 ) .  Land e qual to the curren t  

land required for Tobacco p roduction, was allocated for that usage . 

Non-negativity cons t raints were placed on all variables . 

9 . 5 . 4  Results 

9 . 5 . 4 . 1 Objective Func tion and Export  Ea rnings 

The gross export earnings ( DOLLAR ) were $5 , 885  million, expres se d  

i n  1 978-79 cons tan t dollar te rms ( f . o . b . ) .  This figure is  reduce d  to 

$ 5 , 1 42 million ( DOLNET ) when the cos t of oil imports ( $230  mill ion ), 

food imports ( $4 1  mi llion) and me rchandise imports ( $472 mil lion) are 

deducted . 

This compares with the gross export earnings o f  $28 7 1  million  for 

1 978- 79 ,  and net export earnings of $2 , 35 5  for 1 978-79 ( refer to Run 

1 ) .  This high level o f  e xport earnings, is primarily achieved by 

increased exports of dairy and sheep/beef products ( refe r to Table 

9 .1 5 ) .  There i s  also increased exports of Apples a nd K iwi fruit . The 
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T a b l e 9 . 1 5 :  E xpo r t s  fo r R u n  4 - Gen e r a l  Mo de l 

X 1  B e e f  

X 2  V e a l  

X 3  M u t t o n  

X4 Lamb 

X P 6  t·Joo l 

P ro d u c t  

X l 1 6  V e g e s - F ro z e n -Oth e r  

X 1 1 7  F ru i t - F ro z e n - B e rry 

X 1 2 5  C o r n - C a n n e d  

X 1 28 V e g e s -O t h e r - C a n n ed 

X 3 0 1  F i s h - F ro z e n  

X 5 2  C a n n e d - B e e f  

X 7 2  B u tt e r  

X 7 3  W h o l emi l k  Powd e r  

X 7 4  S p ray S k i m  M i l k  Powd e r  

X 7 6  B u tterm i l k - S p ray Powd e r  

X 7 8  M i l k  Powd e r  P ro d u c t s  

X 7 9  A n d hyd ro u s  t 1i l k  fa t 

X80 C h e e s e -H a nd 

X82 C as e i n -Ac i d  

X83 C a s e i n - Re n n e t  

X84 C a s e i n a t e s  

X 8 9  A p p l e J u i c e 

X 9 5  F ro z e n  V e g e s -M i x e d  

X P 1 0  B a rl ey 

X P 1 1  �1a i ze 

X P 1 2  F i e l d  P e a s  

X P 1 8  A p p l e s  

X P 2 1  f( i vJ i  f ru i t 

X P 2 2  P e a rs 

X P 3 2  H o n ey 

X P 3 5  E g g s  

X P 9  O a t s  

Q u a n t i ty ( T o n n e s ) 
O p t i ma l  

4 2 6 , 00 0  

1 8 , 700 

1 8 5 , 800 

6 3 0 , 9 00 

487 , 498 

5 , 1 7 3  

2 , 8 6 9  

2 , 540 

3 , 4 2 3  

2 6 , 1 1 5 

3 , 2 6 2  

3 3 3  ' 1 1 8  

9 0 , 6 09 

2 3 9 , 8 5 3  

2 0 , 54 2  

1 8 , 3 6 0  

5 2 , 3 1 7  

1 2 6 , 7 3 2  

7 2 , 1 4 5  

1 3 , 208 

2 4 , 1 4 5  

2 , 1 9 3 x 1 0
6

l 

5 , 4 9 2  

2 4 , 49 1  

2 0 , 4 7 1  

4 , 36 5  

1 6 7 , 7 2 0  

1 9 , 7 6 3  

3 , 1 6 7  

4 , 9 5 7  

3 1 , 44 7  

9 , 4 6 8  

1 9 78 - 7 9  E x p o r t s  

2 1 8 , 00 0  

9 , 3 5 0  

9 2 , 9 0 0  

3 1 5 , 4 5 0  

2 6 2 , 7 7 1 

4 , 4 8 5  

2 , 7 8 5  

1 , 5 8 0  

1 ,  7 1 1  

2 0 , 2 7 4  

1 , 6 3 1  

1 6 5 , 5 5 9  

5 5 , 5 9 3  

1 1 9 , 9 2 6  

1 0 , 2 7 1  

9 , 1 80 

2 6 , 1 5 9  

6 3 , 36 6  

4 5 , 24 6  

7 , 1 2 6  

1 4 , 78 0  

1 . 0 9 7 x 1 o
6 

2 , 74 6  

1 2 , 24 5  

58 , 03 7  

5 , 0 5 9  

8 3 , 85 0  

9 , 8 8 2  

1 , 5 84 

2 , 4 7 9  

? 
4 8 . 6  
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n e t  export  earnings are furthe r increased b y  reduced ( c . f . 1 9 7 8- 7 9 )  

imports o f  foods tuffs, particularly raw sugar ( 3 0 , 4 5 3  tonnes c . f .  

202 , 7 4 2  tonnes ) .  Although there is a marked increase in the impor t s  of 

Bran and Pollar d  from virtually nil in 1 9 78-79 to  2 3 , 3 7 5  tonnes . 

9 . 5 . 4 . 2  To tal Energy Requirements and Net Energy Yield 

The net e nergy yield for the General Mode l  was 1 3 3 , 124 Q ( i . e .  

hydro-elec tricity equivalents . TJ yi-� , and - 7 0 5 7  Q for  the 

Distr ibution-Transport Model ; therefore making a sum total of 1 26 , 6 6 7  
Q .  This i s  an even higher n e t  energy ga in than that obtained in R u n  3 

( 1 1 4 , 2 37 Q ) .  This is because , the domes tic consump tion was dete rmined 

by the nutritional requirements outl ined by Table 8 . 1  3 ,  rather than the 

1 9 78- 7 9  patte rns of cons umption o f  foodstuffs . 

Details of the primary energy requirements for the General Model 

and Dist ribution Model,  are respec tively outl ined by Tabl es 9 . 1 6  & 

9 . 1 7 .  In  total,  the primary energy requiremen t  is 7 8 , 2 5 1 . 9  Q of 

which 7 1 , 1 9 5 . 2  Q is required by the Gene ral Model,  and 705 6 . 7  Q 
is required by the Distribution-Transport Model . This represen ts a 

total of 1 5 5 , 889 . 8  TJ . yr-1 ( H ) . 

D irec t  energy requirements ( Q) account for 6 4 . 4 1 %  of the total ,  

with indire c t  energy requirements (Q) accoun ting for 3 5 . 59% . The 

larges t  primary e ne rgy requirement  was for Oil ( 48 . 07 % , Q )  fol lowed by 

Hydro-electricity (2 4 . 92 % ) ,  Imported goods ( 1 1 . 2 5 % ), Coal ( 1 0 . 0 6 % ) , 

Capi tal ( 4 . 0 1 % )  and finally Na tural Gas ( 1 . 6 0% ) . 

9 . 5 . 4 . 3  Direct Labour Requirements 

The direct  labour requirement  was 27 4 , 3 6 0  man-year e quivalen t s . yr:1 

This compares wi th 1 7 0 , 1 7 6 man-year e quivalents for 1 9 78- 7 9  (Run 1 ) .  

9 . 5 . 4 . 4  Direct Land Requirements 

The direct l and requirement for Run 4 was 1 6 , 1 85 , 300 h a  .. yr- 1, which 

i s  e qual to the land in food production in 1 978-7 9 . 

Table 9 . 1 8 outlines the land use patterns for Run 4 .  Clas s I land 
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Tab l e  9 . 16 :  Primary Energy Requ i rements of Run 4 - Genera l f�odel 

-- - - ----------- ---------

Primary Energy Requi rements 

lJ i rect 
Coa l 
Oi l 

Gas 
El ectri ci ty 
\Jood 
I mported 
Ca r i ta l  

S u b -ro ta 1 

Q( TJ ) 

6 , 601 . 0  
16 ,797 . 8  

1 , 061 .  0 
15 ,914 . 3  

67 . 8  
238 . 3  
7 1 8 . 4  

--------

4 7  , J9il . 6  

6 H ( T J )  

24 ,667 . 5  
34 , 535 . 0  

2 ,078 . 0  
15 , 9 14 . 3  

358 . 9  
539 . 7  

1 , 352 . 1  
------ -- ----

79 ,445 . 5  
I • · · ·  

. .  

I nd i re c t  

C o a l  1 ,091 .  9 4 ,080 . 5  

O i l  1 5 , 624 . 3  32 , 122 . 3  

t.as 182 . 1  356 . 6  

[ l Pc t r i c i  ty 2 ,833 . 3  2 ,833 . 3  

Imported 1 ,844 . 9  18 ,886 . 4  

C a p i ta l  2 ,220 . 1  1 , 178 . 7  

S u b - To t a l  23 , 796 . 6  62 ,457 . 8  
------- -----�-- --- -

TOTAL 71 , 195 . 2  141 ,913 . 3  
------ -

Tab l e  9 . 1 7 :  Primary Energy Requi rements of Run 4 - Transport Model 

Primary Energv Requi rements 
- - - - - -----· 

Di rect 
Coa l 
O i l  
Gas 
E l ectri c i ty 

\iood 

Imported 
Cap i ta 1 

Sub-Total 

I nd irect 
Coal 
O i l  

Gas 
E l ectri ci ty 

Imported 
Cap i ta l  

Sub-Total 
- -----

TOTAL 

-- -- -- - ·  --·---·-

------ - --·· · 

Q (TJ ) 

119 . 8  
2 ,437 . 8  

0 
376 . 8  

0 
20 . 8  
1 5 . 5  

3 ,000 . 7  

105 . 1  
2 ,965 . 1  

16 . 2  
502 . 9  
262 . 9  
203 . 8  
------

4 ,056 . 0  

7 ,056 . 7  

A H ( TJ )  

447 . 5  
5 ,073 . 7  

0 
37fi . 8  

0 
47 . 1  
29 . 1  

----- - - - - - - --· 

5 ,974 . 2  
- --

392 . 7  
6 , 096 . 1 

3 1 . 7  
502 . 9  
595 . 4  
3!33 . 5  ._ _ _____ 

.. -- -

8 , 002 . 3  
- -

13 ,976 . 5  
' 

I 

I 
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is mainly used for dairy farming ( 1 5 5 , 300 ha ) wi th a small amount being 

used for sheep and beef farming ( 36 , 000 ha) . Class I I  land is used for 

dairy farming ( 60 6 , 900 ha ) ,  sheep  and bee f  farming ( 48 8 , 800  ha ) a nd 

horticul ture ( 1 00 , 1 0 0 ha ) .  Clas s I l l  land is  used for dairy farming 

( 1 , 5 1 7 , 1 0 0 ha ) and sheep and bee f  farming (9 1 1 , 1 00 ha ) .  Nearly all  

ClassiV , V ,  VI and VII land is used for sheep and beef  farming , e xcept 

for a ve ry small amoun t of Class IV land used for poul try fa rming 

( 5 ,  000 ha) . 

9 . 5 . 4 . 5  Struc ture of the Food Sys tem 

The s t ruc ture of the sys tem is based upon the production of large 

amoun ts of dairy and beef/sheep products  for export,  and a domes tic 

consumption of ho rticul tural and da iry products . 

Fac tory supply dairy fa rming (FDFARM ) ,  increased by 1 . 8 4 times , 

compared with 1 978-79 . The product ion by beef and sheep farming is 

similarly increased ( refe r to Table 9 . 1 8 ) . There is no cropping sector 

( CROP ), al though there i s  s ign ificant production o f  arable crops as 

part  of beef and sheep farming activity . Hor ticul tural produc tion is 

increased by 1 . 22 times over the 1 97 8-79 l eve l . Fish production 

remains at the 1 9 78-79 level , with nearly all fish production being 

exported . 

The processsing sec tor is quite d i fferent to the 1 978-7 9 structure . 

Product ion from Abbato irs (ABATO) is at  zero , with 
l i t t l e or no m·�at in the diet,  and product ion from mos t sectors having 

a large input of sugar ( BISC IT ,  BREW, CAKEF,  CAKEK, COCOA , FOONEC ,  

CREAMF , DRINKS , PIES , SPIRIT , WINE and MAL T )  we re also reduced t o  ze ro 

or near zero levels . The poultry processing sector ' s  ( POUL T )  

production i s  virtually ze ro, due t o  mos t  poul try products be ing 

exported . Produc tion from o ther sectors is  quite variable , compared 

with 1 978-79 levels,  being generally below 1 9 78-79 levels,  e xcepting 

for the dairy proc essing sectors ( DAIRY , DAIRYF ) ,  oil procesing ( OILS ) 

and the meat processing sectors ( FWORKS , PACKER ) .  

There was no home production of fruit and vegetables,  and no 

ex-household consumption ( i . e .  no final consumption in catering 

es tabli shment s  and hotels ) . 
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Tab l e  9 . 18 :  D i rect L a n d  Requ i rements for Run 4 - Genera l Model 

· -

L a n d  C l a s s  Product ion  Sector 
I 

Area ( non ha ) 

I FDFARM 1 50 . 3  

S I  FAT 36 . 0  

! I  FDFAR�1 606 . 9  

S I  FAT 488 . 8  

HORT 100 . 1  

I l l  FDFARI� 1 , 5 1 7 . 1  

S I  FAT 9 1 1 . 1  

TOBAC 2 . 0 

I V  S ! FAT 1 , 4 1 8 . 6  

X I FAT 1 , 278 . 2  

POULT 5 . 0  

V S I  FAT 1 1 1 . 6  

X I  FAT 86 . 5  

V I XH ! L L  3 , 978 . 8  

SH I L L  2 , 734 . 0  

V I  I XHH I L L  2 , 74 7 . 8  

T�1�!!_9_._1_9 :_tl_u_t r_i_t_i o_n a l  Outo:.o:u::cts�f::_:or__.:.:.Ru::.:n.:_:_4_-_.:::Ge=-:.n:.::e.:...:ra::..:l�Mo�d:.::e..:..l 

Val ues 
N u t r i t i ona l Outputs 

Actua l b Optimal Recommendeda 

M i n i mum 
_...._ 

F I BRE i 48 ,060 . 1  
ENERGY 10 , 700 . 1  10 , 700 . 1  1 2 , 64 1 . 3  
PROT 75 , 1 4 5 . 6  52 ,077 . 2  92 ,086 . 9  
FAT 155 ,916 . 4  - -
CA 1 ,800 . 7  990 . 1  9 , 2 1 5 . 0  
p 1 , 936 . 2  987 . 2  -
r�G 2 , 2 74 . 8  344 . 9  -
FE 13 ,957 .9  1 8 ,383 . 1  19 ,630 . 0  

NA 3 , 339 . 5  - -
ZN 1 5 ,963 . 4  1 5 ,963 . 4  12 ,400 . 0  
K 3 , 606 . 1  - -
A 1 ,959 . 0  945 .9 -
81  4 , 7 10 . 8  1 , 278 . 1  1 , 1 14 . 3  

82 2 ,688 . 0  1 , 52 1 . 4 3 ,442 . 0  

N IA C I N  1 7 ,016 . 5  1 6 ,895 . 5  2 1 , 54 1 . 3  

86 1 , 589 . 7  2 , 162 . 8  1 , 7 18 . 1  

812  5 , 139 . 2  3 , 358 . 9  5 , 1 18 . 5  

FOL I C  1 50 . 1  - -
TFOL I C  414 .0  414 . 0  -
c 64 . 4  64 . 4  99 . 6  

D 2 , 655 . 9  8 , 1 6 7 . 2  -
E 9 ,608 . 6  9 ,608 . 6  -

a .  From Tab l e  8 . 13 
b .  Approximate D ietary I ntake Cal cul a ted from B i rkbeck ' s  ( 1 9 7 7 ) National  

Diet Survey . 
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9 . 5 . 4 . 6  Nutritional Outputs 

Table  9 . 1 9 details the nutritional outputs obtained from Run 4 ,  

along with values for the RDA, and actual nutritional outputs 

calculated from data from Birkbeck ( 1 977 ) .  The RDA ' s  were e xc eeded for 

1 4  nutritional outputs with the  notable exception being Iron , Vitamin 

B 6  and Vitamin D .  Furthermore, although there i s  no RDA for Dietary 

Fibre an intake of 4 3g/person/day was obtained , which is considered t o  

b e  satisfactory . 

These nutritional outputs were supplied almost  entirely from 

proce s sed dairy and horticul t ural products , with very small amounts  o f  

fish and beef ( refer t o  Table 9 . 1 9 ) . 

9 . 6  Discussion  

9 . 6 . 1 Review o f  t he  Main Empirical Results  and Implications 

Similar d ietary patterns emerged in all Runs , and i n  variants o f  

these Runs not reported upon i n  Chapter g .  The pattern was one of 

large consumption of  cereal products, for s upplying primarily dieta ry 

fibre, metabolic energy, protein , trace elements  and some vi tamins ( B 1 , 

Niacin , B 6  and Folic  Acid) . These cereals were s upplemented wi th 

comparatively large amounts  of  mainly fresh fruit  and vegetable s  for 

primarily vitamin C and E supply . Dairy products were required in 

significant amounts  primarily for vitamin A ,  B2 and D supply . A very 

small amount of  meat ( mainly edible offals) were required for vitamin A 

and B 1 2 suppl y .  Essential ly , the same pattern emerged , with a few 

variations, i rrespective of whether net energy gains or net dollar 

returns to the e conomy was used as the numeraire . There fore,  both in 

terms of  energetics and e conomics, the ' optimal ' use of energy , resul t s  

i n  the above des cribed die t . These results ,  ' therefore , confi rm the 

find ings of R ehkugler ' s  ( 1 97 6 ) preliminary study and o ther l e s s  

rigorous s tudies ( e . g .  Gree n , 1 978 ) ,  that meat a n d  f i s h  are 

" inefficient" sources of  food , from an energy-nutriti on viewpoint . 

Only consumer preferenc e , can j us tify the inclusion of  such products in 

the diet . 

Never theless, meat, fish and some dairy production , i s  j ustified 
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in terms of achieving trad ing goals .  As previously discussed the 

export of s uch products provides net energy gains to  the New Zealand 

economy, thus providing an important primary energy sourc e for phys ical 

growth of  the economy . Or e xpressed in terms of conventional economic 

wisdom,  provides for net dollar returns to the New Zealand economy , 

therefore providing for what many economists  ( McLean , 1 9 7 8 ) cons i d e r  to 

be the cornerstone for any growth in the New Zealand e conomy . 

Therefore , under "optimal" conditions meat, fish and to a l e s se r  

extent dairy products , have l i tle o r  n o  par t i n  providing food i n  the 

New Zealand die t . The only func tion, for such food production und e r  

"optimal" cond itions, is as a trading commodity . That is,  a trading 

commodity to e xchange for imports of  oil and energy intens ive good s . 

This leads to ano the r policy op tion which needs to be explored - i s  i t  

preferable in terms of  "economic" and " energe ti c "  optimality to g row 

crops ( forestry or  arable ) on lower class land for conversion to 

primary energy sources and leave the higher class l and for the more 

"optimal" use of growing crops for food consumption )� In essenc e, 

lower class land is indirectly being used a s  a primary energy source 

( via the trading process ) , so  therefore using such land indirectly for 

an energy source does not d iffer in function from the present use . 

Also , i t  should be noted , that with increasing oil costs , the 

amount of  net energy that can be gained from export foods from low 

class land production, i s  declining . So, prospe c ti vely i f  no t now , 

this option of  growing crops could provide a more e fficient primary 

energy sourc e ,  than pastoral  fa rming on this land (Baines and Peet,  

1 982 found this to  be the c ase when comparing ethanol production for 

primary energy with pastoral production which could b e  traded for 

primary energy) • 

The finding that meat and dairy products are not " op timal" sources 

of  food , could have some implications in terms of  the viabi lity of such 

products for e xport . Resource constraints ( particularly energy 

constraints ) could force consumers in o the r countries to  reduce i nputs 

of  such foods from their diets, as the cos t  of  these foods conseq ue n tly  

increase . The refore, in the  long run , the  market for such  commodi ti e s  

may well  decrease . These a re e s sentially - " luxury" goods i n  term s  o f  

nutritional e conomy, and therefore they probably have a high elas ticity 
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of  demand, meaning that their demand will probably d ecrease in direct 

accordance with price increases . 

In re-iteration, the findings of these preliminary Runs do 

indicate , what represents "optimal " patterns of food produc tion in the 

New Zealand food system . A literal interpretation of  the results l eads 

to the conclusion that meat and dairy products  shoul d be exported to 

maximum levels,  so to maximise net energy yield . However ,  this 

interpretation could be misleading, as it  is base d on short te rm demand 

patterns for these prod ucts . It  seems .likely if meat and dairy 

product s  are " inoptimal" sourc es of food for New Zealande rs ( both i n  

energetic and economic sense) ; that they are also l ikely t o  be "ino p t imal "  
sources of food for overseas markets . Therefore, i n  the long run i t  

does seem likely as energy and physical resource cons traints become 

more apparent ,  and costs consequently rise , that the over seas markets  

for these products will decrease . Consequently, it is  recommended that 

further studies critically review the long- term effe c t s  of  sus taining 

meat and wool production on lower class land . In the future, it  may be 

preferable to grow crops fo r primary ene rgy produc tion on lowe r class 

land , or adapt farming regimes for growing crops on l owe r  class lan d  

instead o f  meat produc tion ( e . g .by t er�acing ) . This would obviously 

involve a complete " rethink" of current agricultural practices 

undertaken on lower class land . 

Finally, these preliminary resul t s  indicates that the diets determined in 
Runs , very much conform with those advocated by dieticians and 

nutritionists ( e . g .  Sho rland , 1 9 80 ) .  That is, those d iets which a re 

" energetically" and " economically" optima l ,  are also those advocated 

for health reasons . This again adds weight to the argument  that such 

diet  with high cereal , fruit  and vegetable intakes,  may wel l  in the 

long term replace diets based on products which New Zealand has 

tradi tionally exported . Similarly , cooking of  foods (where non-cooking 

is  pos sible) and the proce s sing of fruit  and vegetables were not 

"optimal" i n  mos t  Runs . This is  also in accordanc e with the 

recommendation of  many dieticians and nutritionis ts . Such options a re 

merely economic and energetic " l uxuries " .  
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9 . 6 . 2  Efficiency and Optimal ity 

As discussed in sec tions 6 . 1 . 3 . 1  and 6 . 1 . 3 . 2 ,  the mos t efficient 

op tion is not necessarily ( in fac t  hardly eve r )  the mos t op timal . Most 

food energy studies have focused, on net energy ratios ( metabolic 

ene rgy out/energy in ) ,  which are simply measures of efficiency . 

Although it is argued in section 6 . 1 . 3 . 2 ,  that such ratios are of  

l ittle val ue in resolving energy-food use  problems they are  tabulated 

( Ta b l e  9 . 20 )  for comparative reasons . As can be ascertained from Table 
9 . 20 the efficiency ( me tabolic energy out (� H ) /energy in (Q )  ) , ranges 

be tween 37 . 7 - 5 1 . 1 % depending on the Run . It should be noted that the 

reciprocal of this efficiency is  equivalent to the quality 

GO� f f icien t s ( Q/�H )  i nve s tigated in Part A .  This means , that the 

e ne rgy embodied i n  food supply is a comparatively high qual ity energy 

outpu� having co efficients ranging between 2 . 6 5 Q/�H  and 1 . 9 6  Q/� H 

depending on the Run . 

It  is d i fficul t to compare the above efficienci� ( � H/ Q ) with 

e fficiencies (MI/� H ) ,  because the latter set  of ef ficie nCies used in the 

literature are in �H terms for the denominator . As is extensively dis cussed in 
Part A ,  this is considered to be an incorrec t  way of "adding up" energy 

values, as no account is taken o f  the d ifferent energy qualities o f  the 

different energy sources . 

9 . 6 . 3  Limitat ions and Problems 

9 . 6 . 3 . 1 Practical Computational Problems 

Models  with co Gfficient matrices of  the size used in this study 

are not easy to solve . P ractical limits to thE� memory s torage 

ava ilable on the Prime computer meant that some models could not be 

solved . Other models could not be solved due t.o uegenerative seque nces  

developing in the iteration process, which meant that large numbers were 

generated .  Another initial practical problem encountered by using the 

Sckonic package was that matrices of  more than 200 columns could not be 

solved because of  a programming " bug" in the software package . In 

addition to these practical computational problems , large matrice s  were 

found to have much longer solution time s . Larger models req uired more 

CPU seconds to be solve d ; and hence the monetary cos t of  processi ng 
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Tab l e 9 . 20 :  Energy Rat i os for Vari ous  Runs o f  the New Zea l and Food Sys tem 

Mode l 

Runs Ene rgy Rat i o  fora Energy Rati o  for Energya 

Domest i c Food Supp ly  Gai n from Export 

Run 1 0 .  3 7 7 1  1 . 54 

Run 2 0 . 5 1 1 1  Not app l i cabl e 

Run 3 0 .  3 7 7 1  2 . 1359 

Run 4 Can i t  be ca l cu l ated 2 . 6 187 

a .  Metabo l i c  Ene rgy Out ( 6H ) / Energy I n  .for Produci ng Food fo r Dome s t i c 
Consumpt i on ( Q )  part i t i on i n g  on  val ue ( $ )  bas i s . 

b .  Energy ga i ned from Exports ( Q ) / Energy I n  for P rodu c i n g  Agro-Food 
Products for Exports and Domesti c Consumpti on  ( Q ) . 

c .  Q = hydro-e l e ctri c equ i val ents ( n 1 ( m2 ) ) , 6H = enthal py change 
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was more . Furthermore,  i t  was generally less easy to  undertake 

interactive changes to the model . 

Therefore, because of  these practical computation problems, the  

model was sequentially solved using two sub-models ( refer to se c tion 

6 . 3 . 6 ) . As discussed in se ction 6 . 3 . 6 . 5  the s um o f  these separately 

determined optima should approximately equal the global optim.um . More 

efficient ( in te rms of CPU seconds ) solutions were obtained by u s i ng 

this method . 

However , it  i s  recommended that in the future development  o f  this 

model that greater emphasis be placed on ove rcoming these practical 

computational problems . I t  is important that these computational 

problems be ove rcome, so that the use of the model becomes more " user 

friendly" , and hence more useful as a policy formation tool . 

9 . 6 . 3 . 2  Fixed Proportionality Assumption 

This is one of  the few assumptions , but neve r theless one of the 

more restrictive assumptions, used in this model . As discussed i n  

section 6 . 3 . 1 . 2 . ,  this assumption is  no t to tally unrealistic, as  the 

nature of many production and proces s ing activities d o  require that : 

( 1 )  certain outputs ( e . g .  meat and wool from farms,  meat and meat 

by-produc ts  such as  hides) be in direct proportion to  each o ther� 

(2 ) certain inputs be in direct proportion to each o ther,  because o f  

formulation requirements . 

Howeve� i t  is conceivable that in some ins tances,  for e xample ,  

only one product from a processing sector is  required to fulfill a 

nutritional req uirement ;  but the model formulation requires that i f  

this i s  to  be produce d  so mus t a l l  t h e  other products from that 

processing sector be producea in direct proportion to the 1 97 8- 7 9  
produc tion . I t  may be in fact  possible,  to  produce this produ c t , 

independently of  o ther production from that sector, but this is  n o t  

allowable because of  the way the model  i s  formulated . Despite,  a l l  

this, this problem i� rarely considered to be important because u sually 

processing sectors produce products of  s imilar nutritional  compos i tion , 

and therefore they can usually all ' contribute ' to  fulfilling the  

nut ri tional requireme n t . 
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Nevertheless, if  t h i s  fixed proportionality assumption i s  

considere d  t o  b e  too restric tive , i t  i s  recommended that sectors b e  

further disaggregated into groups of  s imilar products . The a dvantage 

of doing this , has to be weighed up agains t  the large amounts  of  time 

required to calculate the inputs required for all these d isaggregated 

groups of products . 

9 . 6 . 3 . 3 .  Changes of  Phys ical Coefficients Over Time , With 

Improved Technology 

The coefficient s for this model , are b ased on 1 9 7 8-7 9 

technological s t andards . The e f fect o f  improved te chno logy over t ime , 
on the ene rgy effic iency o f  a process is  discussed in sec t ion 3 . 8 . 2 . 

Essent ially , techno logy imp roves t oward s an assymp t o t e  repre s ent ing 
the minimum theore tical ene rgy requirement for that process (as suming 
tha t labour and other phy s i c al inputs remain constant ) .  A s imilar 
p rocess operates with labour and land requirement s  fo r a proce s s . 
That is , ove r t ime with imp roved management -te chno logical s t andard s , 
the land and ener gy e f fi ciency o f  a process imp roves towards an a s s ymptote  
rep resenting the minimum p o s s ible land and labour requirement (as s uming 

that o ther resource inputs  remain cons t ant ) .  

Therefore, with higher s tandards of e fficiency and productivit� 

the coefficients for any s� tor d o  decrease, and this possibility i s  

not allowed for in  a coefficient matrix based o n  1 978-79 technological 

standard s .  Ano ther possibi lity that i s  no t allowed fo r i s  the 

possibility of  different mixes of land, labour and energy being 

required by a particular secto r .  I n  Economics , this i s  represented b y  

Isoquant Curves, which s hows the combination o f  two inputs required to 

produce a given quantity of output . A schematic representation of  

Energy-Labour isoquant curves is  giveu by Fig 9 .1 . In e s sence , only 

one point on one of  these curves represents the coeffic ient s used in 

time s tatic model s . Therefore, an improvement to this model wou l d  b e  

to include an eq uation to represent the isoquant curve( s ) , o r  at  least 

an approximation o f  these curve s . This would be theoretically  

possible, although t he  collection of  data  req uired t o  obtain  thi s  

equation, would require much more research . Consequentl� t h i s  problem 

of  only representing one point on  the i soquant c urve , wil l  for a l l  
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inp u t s  wi th improved techno lo gy-managemen t ,  
whe re T l , T2 , T3 rep resent t ime p e r io d s  
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intents and purposes usuall y  remai� because of  the potential 

limi tations of col lecting d ata . 

For l ong term analyses, as  d iscussed in section 3 . 9 ,  it  is a l so 

preferable that coefficients that represent long- te rm l evels of 

technology should be used ( that is,  points on the c urve tn ) .  In t h e  

case of  energy , that i s  n o t  so difficul t ,  as  a lower the rmodynamic 

limit can be cal culated ( assuming land , labour and other inputs remain 

constant ) .  However, in the case of land and labour the analytical 

problem becomes more di fficul t, especially when  it  is considered that 

levels of land and labour e fficiency are dependent on l evel s  of  energy 

inputs and e fficiency . 

Therefore , in reiteration, the assumption of  certain coefficients 

which represent only one l evel of efficiency and only one mix of 

inputs ; represents a q uite res trictive assumption on the use of a 

coefficient matri x ,  which i s  not easily ove rcome . 

9 . 6 . 3 . 4 .  Changes in Economic Coefficients and Cons t raints Over 

Time 

One o f  the advantages o f  using phys ical coefficients and 

cons traints,  is that they do not fluctuate as widely as economic 

coefficients and constraint s . In the long run , as discussed above, all 

physical coefficients ( energy , land , labour) tend towards a minimum 

requirement . Physical constraints such a s  land area and nutritional 

cons traints , for all intents and purpose remain cons tant . Therefore , 

despite the analytical problem encounte red in using physical 

coefficients and constraint s , they provide a more cons tant framework 

for analysis . 

Oppositel� e conomic coefficients and cons traints a re ve ry 

variable, especially whe n  e xamining problem s  with  long time horizons . 

For example ,  market levels change , the oil price increased tenfold 

within a year, and pric es and cost  of  foods tuffs change with the 

vagaries of  the market plac e . Conseq uen tly, much unce rtainty is 

introduced in analyses which use e conomic variabl e s . Hence,  the 

approach in this s tudy was to cons truct a model which only used 

e conomic variables whe n  absolutely necessary . In this way, i t  was not  
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difficult to formulate a model of  mos t o f  the food system , in physical 

terms . The only major e xc eption was the import-export sector, which 

was inextricably related t o  e conomic variables such as  market 

prices/costs and market leve l s . However, not unexpectedly the use  o f  

economic variable s  in the import-export sector, introduced the mos t 

uncertainty into the analys i s .  

9 . 6 . 3 . 5  Conclusion 

In summary, the modelling process encountered practical 

computational problems , was restricted to some extent by the fixed 

proportionali ty assumption, but its major  set of problems we re 

associated with the unc ertainty associated with coefficients and 

constraints . This unc ertainty can be reduced by using physical 

variable s  whe re possible , ins tead of e conomi c variable s  which have 

much more unc ertainty associated with  them, particularly over l onger 

time horizons . Sensitivity analysi s  ( refer to section 6 . 3 . 7 )  can be o f  

some value i n  overcoming unc ertainty problems, especially when the 

likely degree of unce rtainty i s  known . The degree of uncertainty i s  

more likely to be definable and known for physical variables, rather 

than economic variables . Hence , the obvious utility of using physical 

variables where possible . 

9 . 6 . 4  Extensions and Improvements of  Coefficient Mat rices 

As discussed i n  section 9 . 3 . 4 ,  the coefficients could be updated,  

to take accoun t of  improvements in technology/management , of the time 

horizon of the s tudy . This i s  much easier ( but still difficul t )  when 

the model is  formul ated i n  physical terms . 

The indirect coefficients for labour and land, have not been 

included in  the exis ting coefficient matrices ; and labour coefficient s  

have n o t  been included for a l l  sectors . 

As d iscussed i n  sec tion 9 . 3 , o ther production-processing sec tor s , 

coul d be included so as  to represent possible future 

production-processing options . For example, sugar beet production , 

with processing to sugar could be introduced . Or the various biomas s  

options for primary energy production could be introduce d . 
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Finally , it is recommended that sens i tivity analysis and 

parametric programming be undertaken ,  so as to tes t the effe c t  of  

changes in coefficients and cons traints ( refer to sec tions 6 . 3 . 2 . 5 and 

6 . 3 . 7 ) . 

9 . 6 . 5  Uses of  the Linear Programming Model o f  the New Zealand 

Food System 

9 . 6 . 5 . 1 Long Term Planning Model 

The intended use of this model was as a long te rm planning model . 

Hence , the model was fo rmulated using physical variabl e s  rather than 

economic variables , as physical va riables do not va ry significantly 

over time, and in the long run tend towa rds physical limits . Mos t long 

term models ( e . g .  the " Limits to Growth Model" ,  Meadows e t  al . , 1 972 ). 
are simulation models  rather than optimisation models .  

Linear programming models particularly when used for short te rm 

planning purposes, are considered to be prescriptive models - that is ,  

they determine a " blueprint" for  res tructuring a system given a s e t  of  

variable s , constraints,  restrictions and  objective criteria ( Sharpe and 

Ro� 1 98 0 ) . While this approach may be correct , for short term 

planning and scheduling, i t  is considered t o  be incorrec t  for long term 

planning when many of the policy objective s ,  and to a lesser extent the 

coefficients and constraints are not clearly defined or have a high 

degree of  unc ertainty as sociated wi th them . Therefore , this LP model 

of the New Zealand food system , has not go t a prescriptive func tion , 

but rather i t  m ould have an ins tructuve function - that is  to provide 

ins ight and information about the nature of  the system to the pol icy 

formulator . 

Optimisation models,  have the advantage over conventi-onally used 

simula tion models, in that they can sharply focus on  the dire c t  

implications o f  optimising c erta in policy objectives ( or combinations 

of policy objectives ) .  Simulation models ,  extrapolate on  current 

trends or relationships,  mos t  often on s ub-optimal paths, therefore los ing 

resolution which is available for optimisation model s . · ·· Furthe rmore ,  i t  

should b e  noted that this model is  n o t  considered t o  be predic
.
tive , a t  

leas t n o t  i n  any dire c t  sense . However ,  indirectly s ome Runs are 
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considered t o  be indicative of  future trends . For example , those Runs 

which use net energy as the objecti ve func tion, should lead to results 

which may indicate future food system structures . This is  because in 

the long run , due to depletion of high grade energy resources  

structures which use l e s s  net energy or gain more net energy will  

become favourable . This indicative use of  optimisation models  has been 

used by others in relation to agro-food systems ( e . g .  Chen and 

Wensink , 1 97 7 ; Penn and Irwin , 1 9 77 ) .  Penn and Irwin ( 1 977 ) ,  

" s imulated" energy restriction on the  United States food and  fibre 

system, us ing I-0 optimi sation models . Suc h an approach seems to lie 

somewhere between the classical optimisation and simulation approaches, 

embodying elements of both . 

Finally, in the context of  long te rm plannin& the coefficient 

matrix can provide some basi s  for projective mode l s . For example, 

ho rticulture output could be say doubled in anticipation of  this growth 

say in the next decade , and the effects of thi s change can be tes te d  by 

the model ( assuming say e conomic optimalit� which would not be an 

unreasonable assumption given current planning wi sdom ) . Such an 

approach could be use ful in long te rm e nergy planning , where pro j ective 

scenarios have gained some popularity i n  recent years ( e . g .  Harris 

e t . al . ,  1 97 7 ) .  Howeve r ,  for such projecti ve scenarios Goal Programming 

or Mul tiple Objective LP could be more useful , so objecti ve s  othe r than 

economic ones could be considered ( both these approaches are extens ions 

of conventional LP - refer to Lee,  1 9 72  for further informat ion on Goal 

Programming ) .  

9 . 6 . 5 . 2  Other Uses and Short Term Planning 

Other uses ( mainly of  an unintended nature) of the model include : 

( 1 ) Short Term Economic Planning I-0 Linear Programming models a re 

widely used in e conomic p lanning { refer to Philpott, 1 975 ) .  This model 

can be used for these purposes giving relatively d etailed information of 

product flows, export-import pat te rns, land-use patterns, labour and 

energy requirements etc . ,  in  the agro-food secto r . Previous LP mode l s  

( Philpott, 1 97 �  of  t h e  N Z  E conomy have b e e n  more broad brushed, not  

giving t hi s  degree of detail for  the  agro-food secto r .  Conventional 

economic obje ct ives ,  such as  the maximisation of Output ( $ )  would  

probably b e  us e d  i f  t he  mode l  was  t o  be used  for e conomic planning 
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' 
purposes . However, as  mentioned above because of  the variability in 

e conomic variables  ove r  time, i t  i s  not advisable to prescriptively use  

this model , except for  very short time horizons . 

(2 ) Short Term Energy Planning The coefficients matrix could be  u se d  

for short-term d emand projections, of  agro-food sectors - thi s  would 

not involve the use of  LP . 

{ 3 ) Agricultural and Food Policy Formulation · Al though the model was 

originally formulated for inve s tigating the energetic nature of the 

food syste� the model could be used to more specifically investigate 

land-food-agricul tural policies . Again , these mod e l s woul d  tend to 

reflect economic criteria, rather than explicitly energetic criteria . 

9 . 6 . 6  Final Evaluation of  the Linear Programming Model of the N Z  

Food System 

The objective for Part B was achieve d , in that a logical construct 

was established for inves tigating fu e  optimal use of energy resourc e s  

i n  food systems . This i s  a marked improvement o n  previous methods o f  

analysis  which relied on s imple energy efficency ratios ( usually  

metabolic energy output or  protein output, per  primary energy input ) .  

Othe r physical constraint s  such a s  land area and qual ity limitations 

could also be incorporated into the model ; therefore, es tablishing a 

broader physical model to examine the optimal use of phys ical resourc e s  

i n  food systems . Ene rgy howeve r ,  is the primary physical resource 

which " drives" all ac tivity in the food sys tem . Moreover, energy 

unlike material resources, is absolum ly depletable due to the Second 

Law of Thermodynamics . Therefore , energy i s  the correc t  numeraire to 

use in evaluating optimal ity in any such physical system . 

In this specific application of  this optimisation methodology to 

the New Zealand food system , problems were encountered which included : 

practical computational problems , problems in physical coefficients 

changing over time , and the more criti cal problem of  e conomic 

coefficients changing more dramatically  and less predictably over time . 

The methodology can only remain t o  be indicative and a short term 

prescriptive technique , unless these " time " related problems are 

resolve d .  
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1 0  FINAL REVIEW AND DISCUSSION 

1 0 . 1 Mathematical and Linear Modelling in Energy Analysis 

1 0 . 1 . 1  Nature of  Mathematical Models 

' Models ' or ' Constructs ' are an integral part of everyday life . 

Human beings interact with others and the environment , accord ing to 

systems of perceptions of reality , or conceptual models . These models 

can be represented by combinations of words , pictures , physical bodies 

or any number of symbol ic entities . A mathematical model is s imply 

such a representation which uses mathematical symbol s  and notations . 

One of  the streng ths of  mathemati cal models , is that many 

variables can be represented in a simul taneous manner . Conceptual 

mode l s  c an onl y  successfully d eal with a few variables . The human mind 

cannot unders tand the dynamics of many variables in terac ting in a 

simul taneous manner .  Ano ther advantage of  mathemati cal models , i s  

that they are ' impartial ' and depend on mathematical logic ; rather 

than intuition or sub j ective asse s sment . As Forrester ( 1 9 73 ) p oints 

out , the intuitive answe r  or  assessment is not always the corre c t  one -

that is , large scale systems often act  in a ' counterintuitive ' manner .  

Nevertheless , despite the apparent advantages of  mathematical 

modelling , there are some very serious limitations and pitfalls in 

their use . Firstly , i t  should be noted that not all problems , can be 

correctly asses se d  or resolved in terms of the mathematical logic of 

models .  Many macro-l evel problems are what Cartwright ( 1 9 73 )  terms as 

"met:.aproblems " - that is , many o f  the variables cannot be quantified , 

and the exact nature and number of variables are not known with any 

known precis ion . Often mathematical modell ing techniques are 

incorrectly applied to metaproblems . This i s  particularly so in 

Economic models where only part of the total problem complex is  

addre ssed , while  maintaining that the  entire problem complex is  being 

addressed . Also , mathematical modelling tends to lead to a rigid , 

dogmatic method of analysis where the analyst totally  believes i n  the 

mathematical model , to the extent that further research i s  not s e e n  as  

necessary as the " problem has  been  solve d "  - Kaplan ( 1 9 6 4 )  term s  this 
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phenomenon as  a ' premature closure ' of ideas . 

In  conclusion , mathematical models are useful for unders tanding 

complex systems consisting of  many variable s  that is , they are 

instructive tools . However ,  they can also be incorrectly appl ied to 

metaproblems , and lead to a false sense of s cientific rigor . 

1 0 . 1 . 2 Linear Modell ing in Energy Analysis  

The us e  of mathematical modelling in Energy Analys is , is limited 

mainly to the use of simulation models ( Odum and Odum , 1 979 ) , and 

Input-Output models  ( Wrigh t , 1 9 74 ) . The use of classical linear Models 

( Regression and Linear Programming ) ,  has been virtually non-exi s tent 

( refer to sec tion 1 . 2 . 2 ) . The purpose o f  this thesis  was to explore 

the use of Linear Modell ing te chniques for application in Energy 

Analys is . 

Linear models are the mos t  simple form of  mathematical models , 

being restricted by the Linear Assumption . Clearly , very few - i f  any , 

real world systems are totally linear . This is  particularly true of  

natural systems , such as ' natural ' food production sys tems ( Ehrlich et  

al . ,  1 973 ) .  Nevertheless , Linear Models  are comparatively easy to 

apply and und erstand . Firstly , it is easier to represent a system by a 

series of l inear equations , than by a system of second order non-linear 

equations . Secondly , it is easy to understand the mathematics of 

linear systems and to compute answers . Computer programming packages 

of most applications of Linear Modelling are readily availabl e . 

However ,  despi te all of  these apparent advantages o f  Linear Mode l s , the 

disadvantages are serious . Linear models  a re very much s implications , 

and can easily evolve into simplistic mental blocks . Most Linear 

Models  - even more so than other models ,  must be critically evaluated 

before the result s  of  the modelling process are accepte d or  used . 

Nevertheless , Linear Mode l s  do offer a 'higher leve l ' of  analysis 

than can be gained from iconceptual ' mode l s , despite the above s tated 

l imitations of  mathematical and l inear modelling . I t  was suspected 

that many of the  methodological problems in Energy Analys i s  

because previous methods of  analysis h a d  been confined 

existed 

to the 

conceptual level . Macro-level systems cannot readil y  be understood on  
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this level . Therefore , as  Energy Analysis , b y  d efinition , focuses on 

the macro-level , mathematical modelling should be suited for 

application in Energy Analysis . Linear Modelling provided an easy 

access point for the beginning of this exploration . 

1 0 . 1 . 3 Review of Linear Modelling Application in this Study 

A general equation was derived for explaining the concept of 

energy quality of sources and uses , on a quanti tative bas is . The 

validity of the general equation could be tested by us ing essentially 

conventional linear regression analysis technique s . The approach was 

instructive as it required a conceptual as well as a quanti tative 

assessment , with both modes of analysis benefi ting from the other . The 

Linear Assumption , in this case , was not cons idered to be restrictive , 

and a non-linear approach would no t add further to improving the 

analysis . Regression analysis was also proposed as a method for 

resolving the parti tioning ( in some cases ) and the boundary problems 

associated wi th Energy Analysis . In these cases , the Linear Assumption 

probably will subtract from the value of the analysis , with non-linear 

regression analysis in mos t  cases being the correct approach . 

Linear Optimisation ( Linear Programming ) was used to address the 

question o f  1 energy efficiency ' in Food Sys tems . Previous s tudies had 

only focused on s imple energy efficiency ratio s , whi c h  were of l imited 

value . For e xample ,  the energy required per unit of metabolic energy 

output , or protein output was commonly used . I t  was not surprising 

that the use of these s imple ratios received wides pread criticism 

( Edwards ,  1 9 7 6 ;  Fluck and Baird , 1 9 80 ) . By using a ' sys tems approach ' 

the question o f  ' energy efficiency ' could be more comprehensively 

analysed . The main val ue of this approach was to provide a 

methodology for examining the optimal or  e fficient use of energy 

resources in sys tems ( pa rticularly food systems ) ,  and to provide 

specific information on what constitutes the optimal use of ene rgy 

resources in the New Zealand food sys tem . Such info rmation could not 

be gained from s imple ratios or  from conceptual l evel analysis , which 

has  previously dominated this  field of study . Therefore in conclusion , 

despite _ the author ' s  cautionary notes ( in sections 1 0 . 1 . 1  and 1 0 . 1 . 2 ) , 

Linear Mode�l ing has been found to have s ome useful applications in 

Energy Analysis .  However particularly i n  the Linear Programming 
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appl ication , the use o f  non-linear equations c ould i n  some c a s e s  lead to 

mor e  correc t result s .  

1 0 . 1 . 4 Future Applications of  Mathematical and Linear Modelling in 

Energy Analysis 

Modell ing , is obviously an important tool for understanding the 

nature of  large scale systems . Therefore , there is a place for 

mathematical modelling in Energy Analysis , as Energy Analysis is about 

the energe tics of large scale sys tems . Howeve r ,  mathematical mode l ling 

should not fall into the ·• traps ' of economic modelling , and of economic 

modellers . Mathematical models of  large scale problems can only b e  

descriptive o r  instruc tive , and rarely if eve r predictive o r  

prescriptive . The complexities  of  macro-l evel sys tems make rel iable 

predic tion unl ikely and usually very inexact ,  parti cularly over l onge r 

time horizons . Prescription ( as often presupposed by e conomic 

modellers ) is no more than a tautological statement of  a set of  value s  

and no tions about the future . 

I t  is difficul t to identify areas for future applications of  

mathematical modelling in Energy Analys is . Po tential ly , with add e d  

caution , there are many Economic Modelling techniques which may well  

find a place in Energy Analysis - e . g .  time-se ries analysis . The 

applications in this study have been ' time s tatic ' ,  and there coul d be 

a requirement for more simulation mode l s  ( Linear or  Non-Linear ) .  

However ,  modellers should be cautioned against literal interpretation 

of  such models  - it is dangerous to assume that such mode l s  are 

predictive . 

The scale of  future models ,  is  a point that should be addre s se d .  

There i s  a case , particularly i f  models are t o  b e  used for instruction 

or description , rather than prescription or prediction;  that the 

mode l s  remain of a smal l scal e . Extra data , as  in the case of Part B 

of this thesis , can lead to an overlarge model which provides much 

data , but little user interaction . I f  the model s were t o  b e  used for 

prescriptive purposes there is the case for more detail ; so that a 

detailed 1 prescriptive ' plan can be derive d . 

Specifically , in terms o f  improving and extending the models ,  
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d e tailed in  this s tudy , i t  i s  suggested that the : 

( 1 )  Linear Regres s ion Model be extended to cover more input and output 

clas se s ; and that theoretical rather than empirical data be used . 

This could lead to an approach based on theoretical  thermodynamic s .  

( 2 )  Linear P rogramming Model b e  extende d  t o  cover o ther sectors in the 

Economy which compete wi th the resources used by the food sys tem . 

Particularl y ,  the forestry sector which competes with the food sys tem � 
for land use . There i s  al so much room for improving the data used for 

some sectors i n  this model . The model could also be simplified so as 

to improve user accessibility . 

1 0 . 2  Further Developments of  Energy Analysis  

1 0 . 2 . 1 Resolution of  Methodological Problems 

There have been many methodological problems which have been 

identified in the literature - the most commonly cited being the 

boundary problem , the val uation problem and the partitioning problem 

( refer to section 1 . 2 . 1 . 4 for a full discussion ) . It  has been a rgued 

that regression analysis potentially provides a means of  resolving , a t  

least elements of  these three main methodological problems facing 

Energy Analysi s  ( refer to sec tion 5 . 4  for full details ) . Most 

importantly , a means of resolving the energy quality problem was 

presented in Part A ,  although i t  has recognised limitations and 

assumptions . There i s  li ttle  doubt that non-linear modelling wi ll 

probably lead to a further unders tanding of these problems , than the 

linear approach at tempted in this thes is . 

Many of the methodological problems as sociated with Energy 

Analysis , are held in common with Economics : 

( 1 )  The problem of  inte r-temporal allocation of  resourc es . How does 

one derive a logical basis for allocating ' stock ' resources between 

different gene rations , as for all intents and purposes , these ' stock ' 

resources can only be used onc e . 

( 2 )  The problem of  exte rnal i tie s .  Should some ' cost ' factor be 

incorporated in energy coefficients , to  allow for the polluting e ffec t s  

of some processes? 

( 3 )  The partitioning ( cost allocation ) problem . Various ' solutions ' t o  

this problem have been proposed both in Economics and Energy Analys i s , 
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but none have gained universal acceptanc e . 

There are a further set  of  methodological problems in Energy 

Analysis , which resul t  from the use of energy coefficients (MJ/kg ) . 

Often it i s  falsely assumed that these coefficients are cons tant and 

therefore provide a s table basis for evaluat ing sys tems . However ,  

these coefficients depend on a number  of  factors and assumptions . A 

logical means of dealing with these factors needs to be established - a 

d iscussion leading to tentative sugges tions for fur ther research i s  

detailed i n  section 1 0 . 2 . 2 .  

1 0 . 2 . 2  Resolution o f  Methodological Problems Assoc iated with 

Energy Coefficients 

1 0 . 2 . 2 . 1 Assumptions Unde rpinning Energy Coefficients 

The following set of assumptions unde rpin the d erivation of  any 

energy coefficient : 

( 1 )  Technological Assumption As is  indicated by Figs 3 . 8 - 3 . 1 0 , the 

energy coefficients ( MJ/kg ) , tend towards a thermodynamic tninimum with 

improvements in technology and management , assuming all other things 

remain equal . 

( 2 )  Labour Assumption All energy coefficients (MJ/kg ) , assume a 

certain l evel of labour input . The Labour-Energy trade-off is  outl ined 

by Fig 9 .  1 .  

( 3 )  Land Assumption ( Particularly in the c as e  of Food Production ) All 

energy coefficients ( MJ/kg ) assume a certain level of  land input . The 

effect of using less land can be compensated for by using more labour 

or energy , which i s  often the case in labour and energy intensive 

systems when land area and quality availabil ity is very limited . 

( 4 )  Grade of  Ores of  Materials and Energy Inputs As the best ores a re 

exploited , mineral ores or  ' energy ' ores ( oil shales ) are e xploited , 

wi th greater inputs o f  energy and o ther resources . At  a par ticular 

point in time , it becomes more e fficient to recycle material resources , 

rather than e xploit virgin ores . So , in the long run the energy and 

labour requirements of  producing a material approaches this point where 

recycling becomes mos t  e fficien t . This point does  not exist  for energy 

resources , as energy resources canno t be recycled . 

( 5 )  Rate of Production Each energy coefficient ( MJ/kg ) ,  assumes a 
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certain rate o f  production . Despite the lack o f  rigorous s tudy in this 

field , there i s  much evidence which indicates that an increased rate of 

production increases the energy coefficient ( MJ/kg ) of  a process ( re fer 

to Slesse r ,  1 97 8  Chap ter g ) . There i s  also a s imilar hypothesized 

relationship between rate of production and land coefficients , and rate 

of  produc tion and labour coefficients . Quite s imply , the faster the  

production , the  less efficient the  process ; hence the requiremen t  for 

more labour or land energy . It  should be also noted , that theoretical 

thermodynamic limits assume infinite time availabil ity - in  the ' real ' 

world such time availabi lity does not exi s t . 

1 0 . 2 . 2 . 2  Towards a Production Func tion , Based on Physical Inputs 

It is possible to hypothesize a production func tion , incorporating 

all of  the above factors and assumptions : 

Qo = F ( rate , Labour , Land , Energy ) 

Qn = F ( rate , Labour , Land , Energy ) 

where : Qn = production given current technology , management and grades 

of  ores . 

Qo = production given the most e fficient technology management 

and long run l evel of  ores ( for  ' energy ' ores this equals 

the solar flux , and for ' material ' ores this e quals the  

point of recycling - refer to section 1 0 . 2 . 2 ) .  

S imilar production functions , incorporating ene rgy a s  a fundamental 

resource have been hypothesi ze d  by Slesser ( 1 9 7 8 ) ,  and are based on the 

Douglas-Cobb production function which considered only ' Labour ' and 

' Capital�' .  In Economics , the contribution of  Labour , Capital and o ther 

Inputs to the Output , are quanti fied . The Inputs in the above 

produc tion function also need to be tested and quantified . 

The information in  these production functions , can b e  summarised 

by a series of isoquant curves , which outlines the trade-offs betwee n  

each o f  these factors of  producti o n ,  assuming all  o ther things being 
·,. 

equal ( Figs ·1 0 . 1 - 1 0 . 6 ) . 
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1 0 . 2 . 2 . 3  Towards an Entropy Theory of  Production , Based on 

Thermodynamics 

Energy Analysis has been widely accused of being an " Energy Theo ry 

of Value " . Howeve r , whi l e  acknowledging that energy i s  the fundamen ta l  

resource that " drive s "  a l l  systems , and t h e  only resource which is  

absolutely depletable , the author does not  suscribe to  an "Energy 

Theory of Value " . I t  i s  instead hypothesized that there are four 

fundamental physical resource inputs ,  into economic systems ( time , 

labour , l and , energy ) as hypothesized i n  the above Production Func ti o n . 

The nature of  the availability of these four resource inputs i s  of  

critical importance :  

( 1 )  time , is constantly availabl e , but  i f  production processes are t o  

b e  speeded u p  more resource inputs of  labour , land o r  energy are 

required - which are all ultimately reducable to energy equivalents . 

( 2 )  labour , i s  cons tantly available over time , given demographic 

s tability , but it does depend on indirect inputs of land and energy 

resources - which are both ul timately reducible to  energy equivalent s . 

( 3 )  land , is finite and constant over time given sustainable 

cul tivation prac tices and geological s tability , and is onl y d ependent  

on  inputs of e nergy over geological time periods . 

( 4 )  energy , whe n  used i s  degraded in quality and therefore is 

absolutely depletable ( Second Law of  Thermodynamics ) .  

Proponent s  of  an "Energy Theory of Value" , sugges t  that all inputs o f  

time , labour and land should b e  reduced to energy terms . Al though t h i s  

may be possible , it  i s  suggested that more information i s  retained by 

considering four fundamental resource inputs in a more generalised 

"Physical Theory of Production" . Ul timately , what may well emerge is a 

Theory of  Value /Production based on an amalgamation of  all these 

physical factors of produc tion . Howeve r any such theory should 

emphasize the entropic nature of  systems , and the inter- relationships 

between these fundamen tal resource inputs which are governed by the 

Second Law of Thermodynamic s . Within such a cons truct ' Energy ' s '  

importance i s  fundamental , but not all-important . 

Any entropy theory of  production , will  draw on elements of  Energy 

Anal ysis , but must be also based on classical the rmodynamic s . Al though 

the union of Energy Analysis and Classical Thermodynamic s , has been 

proposed in the pas t  s urpris ingly the two disciplines have not 
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converged . Many o f  the concepts of  thermodynamics are di fficul t t o  

appl y to macro-level sys tems . However ,  i f  Energy Analysis i s  goi ng to 

work towards a more gene ralised theory of entropy , and be come l e s s  

empirical and more theoretical ; this union is neces sary . 

1 0 . 2 . 3  Economics and Energy Analys is  Reconsidered 

The rela tive rol e s  of Economics and Energy Analysis , in resource 

allocation decisions have been widely discussed and debated in the 

literature . Both disciplines , are implicitly concerned with scarcity , 

values , time horizons , and in many ways a common set of methodolog i cal 

problems : 

( 1 )  Scarcity Economics approaches the pro bl em of  scarcity,  from a 

market perception of  scarcity . Scarc ity in Economics is relative not 

absolu te,. That is , relative to human wants and needs . It  is argued 

the market mechanism wi l l  overcome all scarcity . Thermodynamic limits 

to scarcity are not acknowledged by Economics . Energy Analysis 

approaches to the problem of  scarcity , form a physical ( entropic ) 

perception - scarci ty i s  absolute when  viewed through a construc t o f  

entropy . Further ,  the e fficiency o f  e conomic processes are limi t e d  by 

theoretical thermodynamic l imits . 

( 2 )  Values The ques tion of  "value" is  not impl icitedly addressed b y  

Energy Analysis .  By d efinition , Energy Analysis , is  objective ( re fe r  

t o  definition i n  Introductory sec tion ) .  Whereas , Economics is  

concerned with assessing human wants and  needs which are  dependen t  on  

value systems . 

( 3 )  Time Economics i s  concerned with an assumed " time preference "  for 

present consumption . The que s tion o f  time preference is  not addressed 

by  Energy Analys is . " Time preference "  is  a val ue s  preference , and a s  

Energy Analysis i s  "values free " , Energy Analysis i s  therefore not 

concerned with such preferences (or values ) .  The practice of 

discounting by Economists , has been widely criticised by Energy 

Analysts  as an arbitrary way of imposing a time value on e conomic 

decisions . 

( 4 ) Methodological Problems Some of the fundamental methodological 

problems are common to both disciplines . For  e xample , the problem o f  

inter-temporal allocation of  " stock" ( non-renewable ) and " flow" 

( renewable ) resources . Both discipl ines are unable  to take account o f  

· th e  needs of future generations . The problem o f  externalities  i s  also 
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common to both disciplines ( often called the boundary problem in Energy 

Analysi s ) .  The problem of parti tioning ( o r  allocation of joint cos t s )  

i s  also common to both disciplines . 

In re iteration , Economics is more impl icitly concerned with 

current values ( as perceived and measured through the market sys tem ) -

but only the val ues of the human consumers . Whereas , Energy Analysis  

makes n o  assumptions or does not deal with human values . Energy 

Analys is is more impl icitly concerned with absolute scarcity ( en tropic 

scarcity ) .  The re fore , a point for further development could be for an 

amalgamation of the two disciplines with both discipl ines gaining from 

the strengths of the o ther . 

Energy Analysis more inherantly deals wi th scarcity and physical 

limits , Economics with values - economics is advantaged by its long 

history which has afforded it a large body of  theory . In contras t ,  

Energy Analysis is a young discipline and possible resolu tions to many 

of its methodological problems are only just beginning to emerge . 

However , whatever body of theory emerge s ,  it should be real ised that 

both disciplines are only " tools"  of  the decision makers . 

Tradi tionally , theories of productions are one area , as detai led 

in sections 1 0 . 2 . 3  and 1 0 . 2 . 4 ,  where the two disciplines could emerge . 

The use of  energetic variables in production functio n ,  is more 

important than the classical use of Labour , Capital and Land , as 

energetic availability i s  absolute , whereas these othe r inputs are 

dependent on energetic inputs . 

1 0 . 3  Conclusions 

The application of two Classical Linear Modelling techniques were 

generally successful . In particular , Regress ion Analys is provide d  a 

basis for solving a general equation , so a s  to determine the energy 

quality coefficients of  energy sources and uses . Preliminary 

appl ications of this technique for the New Zealand s ituation , indicate 

that hydro-electricity is the highest quality energy resource , followed 

by natural gas , oil , coal and then wood . The energy qual ity of  

end-uses of  ene rgy c an  also be ranked i n  this  way . Linear Programming 

provided a means of  as se s s ing the ' opti mal ' use of  e nergy resources  in 
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food systems . An application for the New Zealand food sys tem indicated 

that the mos t  optimal diet ( minimising primary energy inputs ) consis ted 

of mainly cereal s ,  fresh fruit and vegetabl e s  and some dairy prod ucts . 

The application o f  these Linear Modelling techniques in Energy 

Analysis is onl y prel iminary and exploratory . However , they shoul d  

provide a basis for more advanced modell ing appl ications ( non-linear ) , 

and application to other sys tems . If  Energy Analys is i s  to advance 

beyond its current status , more advanced modelling technique s  wil l  have 

to be applied in order to unders tand the complex nature of the 

macro-level systems which are often studied in Energy Analysis . I t  was 

concluded that such models should be instruc tive rathe r than pred ictive 

or prescriptive ; and used in a critical not routine manner . 

Finally , it  was concl uded that Energy Analys is provided a more 

correct basis for assessing absolute scarc ity of  resources , than 

Economics . Whereas , Economics provide a bas i s  fo r evalua ting consumer 

value s . Therefore , as  resource al location fundamentally involves 

determining the use of scarce resources in te rms of  op timising consume r 

welfare ( values ) , e l ements of both discipl ines are required in the 

resource allocation process .  Hence , there is a case for the emergence 

of the two discipline s . Furthermore , it  was concluded that despite the 

primacy of  energy in productive processes , it  is  also critical to 

incorporate other physical resources ( labour , land , time ) into this 

emergent discipline . 
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In energy analysis and energy 
planning it is usual for convention­
al enthalpy based statistics and 

data to be used. This has led to 

difficulties, as these statistics and 
data do not reflect the qualities or 

grades of the different forms of 
energy. To help overcome these 

d ifficulties, a regression technique 

has been developed which enables 

al l  forms of energy to be converted 

to common quality equivalents. In 

particular this should improve the 
evaluative scope and potential of 

energy analysis, and i n  general it 

should aid the use of physical 

measurements of energy in energy 
planning and policy formulation 

procedures. Uses of the data 
derived from this techn ique, the 

l imitations and some possible 

extensions of this technique are 

d iscussed. 

Keywords: Energy analysis; Energy 
quality; Regression analysis 

The author is a research officer at the 
Food Technology Research Centre, 
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1A comprehensive coverage of EA is given 
by the December 1 975 special issue of 
Energy Policy, Vol 3, No 4, which contains 7 
articles on this topic. 
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Estimation of the qual ity 
of energy sources 
and uses 

M .  G .  Patterson 

L: n e rgy a n a l ysis ( E A )  1 and other macro-level techn iq ues that use p hysical 
m e asurements  of energy have tended to use entha lpy (D.H) m e asure­
m e n t s .  In part icular .  th is has led to much crit icism of EA. because of its 
conseq uent inabi l i ty to deal with  energy of di fferent grades or qualities. z 

U n fort unate ly.  e n t h a l py ( 6H) measurements only measure the heat 
content  o f  en ergy for m s .  and they do not necessari ly make any dist i nction 
bet we en low grade energy sources. such as incident solar energy . and 
h i g h e r  grade energy sources.  such as o i l  or  natural gas . Therefore,  there is 
a general  req u i rement for a physical measurement of energy that  takes 
acco unt  of the actual energy qual i ty of d i ffe ren t  forms of energy . Such a 
req u i re m e n t  is o f  particular importance in terms of deve loping EA as an 
acce ptable eva l uative tech nique.  

Methodology 
Refer to the Appendix for definit ions of: primary energy inputs; effective 
energy outputs; quality of primary energy inputs; quality of effective 
energy outputs; intrinsic quality; and quality equivalents. 

Energy accounting procedures 

The first step is to identify al l  primary energy inputs and al l  effective 
energy outputs of the economy or system. The second step is to link all 
primary energy inputs to a l l  effective energy outputs by constructing a 
n umber of pathway flow diagrams. These pathways should collectively 
cover all energy transformations and uses in the economy. However, 
there can be some degree of overlap between pathways, ie the pathways 
need not be mutually exclusive. Each pathway can have multiple inputs 
and multiple outputs ,  which can overcome the partitioning problern3 
often associated with such energy accounting procedures. The third step 
is to estimate the gross energy requirements (GER) of each pathway. The 
G ER includes the direct energy inputs and the indirect energy inputs of 
each pathway. expressed in enthalpic values (D..H). As a general principle, 
it is recommended that the IFIAS conventions of energy accounting be 
used in determining the GER of each pathway. 4 

Regression equations and solutions 

The supply and use of energy in any given economy can be represented by 
the fol lowing general equation :  

030 1 -421 5/83/040346-14$03.00 © ,1983 Butterworth & Co (Publishers) Ltd 



�G. Leach, 'Net energy analysis - is it any 
use?', Energy Policy, Vol 3, No 4, 1975, pp 
332-334. 
-'The partitioning problem refers to the 
problem where there is only one energy 
input figure available, and this figure needs 
to be allocated to outputs of the system. 
The IFIAS recommended a number of 
possible criteria for partitioning, all of which 
are fundamentally arbitrary. 
"International Federation of Institutes for 
Advanced Study, Energy Analysis Work­
shop on Methodology and Conventions, 
IFIAS, Stockholm, 1 974. 
sFor a more complete range of statistical 
tests of regression models readers should 
refer to the appropriate literature. See N.R. 
Draper and H. Smith, Applied Regression 
Analysis, 2 ed, Wiley, New York, 1981 . 
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i j i = j i = j  m l Li I ( YI )i + m?. Li = 1 ( Y?.)i + . . .  mn Li 1 ( Yn)i ( 1 ) 

i = j  i = j i = j  
= n 1 Li I (Xt)i + n?. Li = I (X?. )i + . . . nn Li 1 (Xn)i 

where Y = effective energy output of an end-use class (6Houtpur ) 
X = primary energy input (6Hinput) 
m = quality coefficient for an e ffective energy output (quali ty 

equivalents/ 6Houtput) 
n = quality coefficient of a primary energy input (quality equiv­

alents/ 6Hinput) 
= energy supply-use pathways. 

The effective energy outputs ( Y1 . . . .  Y11 )  and the primary energy inputs 
( X l . . . . .  X11 )  arc known . The quality coefficients of the effective energy 
outputs (m 1 . . . . .  m11 ) .  and the quality coefficients of the primary energy 
inpu ts ( 1 1 1 . . . . .  1111 ) are not known and they can he determined by multiple 
li near regression. 

To determine these coefficients . one coefficient must arbitrarily he 
given a value equal to un ity. For example. coefficient fl 1 can be given a 
value of  I .  and then by rearrangement the general equation now reads: 

where fl 1 = l 

i • j 
" ·  - ( Y, )  + £.../ 1 - I 

(2) 

This equation is now in a form that can be solved by multiple l inear 
regression. The left-hand-side expression is equivalent to the · y· variable 
used in conventional regression equations, and the right-hand-side 
expressions are equivalent to the · x · variables used in conventional 
regression equations. 

The coefficients which result from the solution of this regression 
equat ion, only have meaning relative to fl 1 = ! .  That is. they are 
expressed in mult iples of n � .  In this study such multiples are termed 
'qual i ty equivalents ' .  It is recommended that the regression equation be 
solved several t imes by in turn assigning values of unity to each coefficient 
(m 1 . • • • •  m11 , fl l • • • • .  nn l ·  In this way the general robustness of the model ,  
and the validity of th i s  procedure can he tested. 

As a general principle. i t  is advisable that as many pathways as possible 
be used in the regression procedure. This should increase the variabil ity 
in the data set, and hence lead to more accurate solutions of the 
regression. In particular, i t  is  advisab!e that each primary energy input 
class be l inked to each effective energy output class by one pathway each 
( that i s ,  X11 x Yn pathways should result from this). 

Statistical analysis of solutions 

To test the statistical val idity of any given set of solutions (ie a particular 
model)  generated by this technique a number of statistical tests should be 
u ndertaken. 5 
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F test. Usual ly  in regression analysis th is  is the most im portant  tes t .  as i t  
i nd i cates t h e  overa l l  statist ical validity o f  the model . That i s .  how 
adequately  the solutions to the regression equation · fi ts'  the act u a l  data 
se t .  The F rat io for a model is calculated hy most programme packages 
used in regression ana lys is .  The level of s ign i  ficancc (p ) can he calcu lated 
by using standard F distribution tables.  

t test of coefficients. The t ratios for each coe fficient arc a lso ca lcu lated by 
most programme pack ages used in regression analysis . The t ratio o f  a 
coe ffic ient  is s imply the estimated coefficie n t  divided hy its standa rd 
devia t ion . The leve l of sig n i ficance (p ) o f  each t rat io . and hence the 
s t a t i st ical accuracy o f  each coefficient est imate.  can be calculated by 
us i n g  s tand ard t d is t ri b u t ion  tables . 

f:'.rwnination of' residua/.1·. An exam i n a t ion of the  rcs iduals  for each 
pa t h way shou ld  he undertaken.  Those pat hways which han: the h i ghest 
s t a n d a rd ized n:siduals  con form l east to the regres'-.ion mode l .  I f  at a l l  
poss i b l e .  i t  i s  advisable tha t  the  model  be  reconstructed to e l i m in a te such 
pa t h ways.  Va rious res idua l  p lots  are out l i ned in s ta t is t ica l tex ts" a n d  a re 

o u t putcd hy most programme packages used i n  regression ana lysi s .  

Other statistics. Various other  s tat ist ics and s ta t is t ical tests can  be under­
t a k e n  t o  t es t  a mod e l .  For example .  t he D ur h i n-Wahon sta t is t ic can he 
ca lcu la ted  t o  test  the  mode l for au tocorre la t i l;n .  I t  rnav a lso be use fu l  to 
c a l c u l a te part i a l  F rat ios for each coefficie n t .  so as to est imate  t h e i r  
con t r i b u t ions  to t he overa l l  leve l o f  s ign i ficance of the mode l .  

Recommended methods o{mode/ selection and improvement 

I t  is recom m e nded that  the maximum number  of mode ls he generated hy 
g i v i n g  each coe fficie n t  in turn a value o f  uni ty .  These basic m odels 
s h o u l d  form the basis of the mode l se lection and improvement  
p roced ures . 

The s i mp lest approach is to choose the basic model wh ich has the 
h ighest  F rat i o .  provided the model  m akes good physical sense.  For 
e x a m p l e .  it is meaningless to use a model where a coefficient is  negative . 
as t h is is a physical i m possib i l i ty .  

A m o re com p l icated and instructive approach is to ·experi ment '  with 
t h e  models so as to maximize the level  o f  sign i ficance (p ) of the m ode l .  
T h e  aggregation and. where possible.  t h e  disaggregation o f  variable 
c lasses ( x, . . . .  X11 • y, . . . . Y11 ) should form the basis o f  t h is ·experim e nta­
t i o n · .  The origi nal  classi fications may not necessari l y  be the 'best' way of 
c l assi fy i n g  the i nputs (X, . . . .  X11 ) and outputs ( Y, . . . .  Yn ) in terms of their  
e n e rgy q u a l i t ies .  I t  is not on ly more statistical l y  va l id  to  maximize p .  but  i t  
can a lso be m ore instructive to the analys t .  Th is  is because such rec lassi fi ­
c a t i o n  may give some i nsight as t o  the physical a n d  technical reasons w h y  
i t  i s  best to classi fy inputs a n d  outputs in a particu lar way. 

When aggregat ing various inputs or outputs i t  i s  recommended that 
t hose classes with the lowest t ratios for their coefficients be added 
toget he r  fi rst . B y  doing t h is the more i nsign i ficant  coefficients can be 
e l i m i n ated from t h e  modeL whi le a lso increasing the l i ke l ih ood of 
i ncreasing the F ratio o f  the mode l .  Eventual ly ,  an optimum aggregation 
o f  i nputs  a n d  outputs should be reached. where the level o f  sign i ficance 
(p) of the model cannot be improved . Statist ica l ly .  this mod e l  best 

6For example, Draper and Smith, op cit, e x p l a i n s  t h e  use of energy i n  the ectmomy or system, i n  terms o f  energy 
Ref 5. quality , and should make good physical and technical sense. 
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7Multiple linear regression assumes linear 
proportionalities. For non-linear proportion­
alities non-linear multiple regression 
should be used. 
"Time series data and international 
comparisons strongly indicate that dollar 
outputs ($) are linearly proportional to 
primary energy inputs in economic systems. 
On this basis it is not unreasonable to 
assume that effective energy outputs will be 
proportional to primary energy inputs in 
economic systems. 
''A regression model based on actual 
energy use in the New Zealand economy 
has also been successfully constructed. 
'"Historical evidence demonstrates that the 
energy efficiency of a given process or 
technology approaches a thermodynamic 
l imit: A. Decker, Report of 9th TNO 
Conference on Energy Accounting, 
Rotterdam, 1 976; IFIAS, Workshop on 
Energy Analysis and Economics, Report 
No 9, Stockholm, 1 975. Therefore, in the 
long run, for a given economy a set of long 
run quality coefficients will be approached. 
' 'The system boundary ends at the point 
where electrical energy is delivered to the 
end-use appliance. This is because the 
mean end-use efficiency of end uses in this 
class is very difficult to estimate accurately. 
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Central hypothesis and model building 

The central hypothesis that is being tested by this regression technique is 
that for a given economy or system all inputs (X, . . . .  X11) and all outputs 
( y, . . . .  Y11) have intrinsic quality coefficients. 

This hypothesis wil l hold true in any system or economy where the 
outputs are proportional" to the inputs. Evidence and experience strongly 
indicate that this hypothesis holds true in all economic systems. 8 
Therefore ,  it is not so much a matter of proving this central hypothesis, 
but of  bui lding a model which best explains this central hypothesis. 

To elaborate with an example . the simplest way to model an economy 
is to set up a model where all inputs are classified into one class and all 
outputs into another. Although this model may be statistically significant, 
it may not be the best model in terms of maximizing its statistical validity 
and instructiveness. The problem for the analyst is to dissaggregate these 
two classes, so as to obtain this best model. This requires a good 
understanding and knowledge of the statistical testing procedures ,  and a 
good understanding of the nature of the system being modelled. 

An application for an energy eflicient New Zealand economy 
To demonstrate the use of this technique, a regression model of a 
notional'' New Zealand economy wh ich uses the most energy e fficient 
technology currently available will be used (see Table I ) . There is some 
al lowance made for operational inefficiencies which inevitably occur in 
any rea l  situation .  Since the data derived from this technique were to be 
used for a long-term planning exercise , it was considered appropriate to 
use data which would reflect long-run rather than short-run quality 
coe fficients. 1 0 

Inputs and outputs considered 

The primary energy inputs considered in this example are : 

e Hydroelectricity. This refers to hydroelectricity at the point of 
generation ,  before transmission .  

e Natural gas. This refers to natural gas as it lies in the gas wel l .  
e Oil. This refers to oil products as they are imported in their various 

degrees of refinement , or indigenous oil as it lies in the oil well .  
e Coal. This refers to coal as it lies in the ground. 
e Wood. This refers to wood as it leaves the forest. 

The effective energy outputs considered in this example are: 

e Electrical output. 1 1  This class includes all energy use in al l  end-use 
processes where there is an ab�olute requirement for the direct use of 
e lectricity. Other energy sources can only be used directly, after they 
have been up-graded to e lectricity. These end-use processes include 
the operating of electronic equipment such as computers, and various 
e lectrical appliances and machines such as electrically powered 
re frigeration units. 

e High grade transport. This refers to the use of energy by relatively 
long-range, route flexible and high powered road vehicles ( that is, 
the modem car which is an important end use of energy in the New 
Zealand economy). This does not include other forms of road 
transport which are more l imited in their range, route flexibility 
and/or power output. High grade transport directly uses high grade 
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Table 1 .  An energy efficient New Zealand economy: assumed technologies and operational efficiencies. 

EfficiencyB EfficiencyB EfficiencyB 
Pathway Supply technology (%) Distribution technology (%) End-use technology (%) 
Coal � Electrical output Conventional power station 26 Current transmission 90 Current electrical and b 

system electronic technology 
b Oil � Electrical output Conventional power station 32 Current transmission 90 Current electrical and 

system electronic technology 
b Gas � Electrical output Conventional power station 30 Current transmission 90 Current electrical and 

system electronic technology 
b Wood � Electrical output Power station fired by wood 1 2  Current transmission 90 Current electrical and 

b 
system electronic technology 

b Hydro � Electrical output Conventional hydro- Current transmission 90 Current electrical and 
electricity generation system electronic technology 
(dam; water turbine) 

Coal � High grade transport Gasification. Catalytic 47 Current distribution system 1 00  Internal combustion engine 30 
conversion to methanol for liquid fuels 

Oil � High grade transport Oil refinery 92 Current distribution system 1 00  Internal combustion engine 25 
for liquid fuels 

Gas . . •  High grade transport Catalytic conversion to 59 Current distribution system 1 00  Internal combustion engine 30 
methanol for liquid fuels 

Wood . High grade transport Gasification. Catalytic 43 Current distribution system 1 00  Internal combustion engine 30 
conversion to methanol for liquid fuels 

Hydro • High grade transport Conventional hydro- 72 I ncluded 1n the supply Internal combustion engine 37 
electricity generation (dam. column with storage battery 
water turbine). current 
electricity transport system . 
electrolytic equipment 

b Gas • Low grade transport Current gas supply Pipeline 90 Internal combustion engine 27 
technology 

Wood· ·Medium grade transport Gasification 43 Pipeline 90 Internal combustion engine 27 
Coal • Medium grade transport Gasification 47 Pipeline 90 Internal combustion engine 27 
Coal -· Industrial heat Current coal mining b Current distribution system 1 00  Industrial boilers and 70 

technology furnaces 
Oil • Industrial heat Oil refinery 90 Current distribution system 1 00  Industrial bo1lers and 75 

b 
for liquid fuels furnaces 

Gas �· Industrial heat Current gas supply Pipeline 90 Industrial boilers and 75 
technology furnaces 

Wood -· Industrial heat Current silv1cultural tech- b Current distribution system 1 00  Industrial boilers and 33 
nology and management 

b 
furnaces 

Hydro - Industrial heat Conventional hydro- Current transmission 90 Heat pumps (30% ). 1 60  
generation (dam, water system resistance heaters (70% ) 
turbine) 

b Coal -� Water heating Current coal mining Current distribution system t OO  Enclosed burner, water 50 
technology heating cylinder 

Oil � Water heating Oil refinery 90 Current distribution system 1 00  Enclosed burner, water 65 

b 
for liquid fuels heating cylinder 

Gas � Water heating Current gas supply Pipeline 90 Gas water heating cylinder 65 
technology 

b Wood � Water heating Current silvicultural tech- Current distribution system 1 00  Enclosed burner. water 33 
nology and management 

b 
heating cylinder 

Hydro � Water heating Conventional hydro- Current transmission 90 Heat pumps 200 
generation {dam. water system 
turbine) 

b Coal � Space heating Current coal mining Current distribution system 1 00  Enclosed burner 49 
technology 

Oil � Space heating Oil refinery 90 Current distribution system 1 00  Enclosed burner 57 

b 
for liquid fuels 

Gas � Space heating Current gas supply Pipeline 90 Enclosed burner 64 
technology 

b Wood � Space heating Current silvicultural tech- Current distribution system 1 00  Enclosed burner 35 
nology and management 

b Hydro � Space heating Conventional hydro- Current transmission 90 Heat pumps 250 
generation (dam. water system 
turbine) 

b Coal � Cooking Current coal mining Current distribution system 1 00  Conventional coal fired 20 
technology range 

Oii � Cooking Oil refinery 90 Current distribution system 1 00  Conventional oil fired range 20 
b 

for liquid fuels 
Gas � Cooking Current gas supply Pipeline 90 Conventional gas fired 30 

technology 
b 

range 
Wood � Cooking Current silvicultural tech- Conventional distribution 1 00  Conventional wood fired 1 3  

nology and management 
b 

system range 
Hydro � Cooking Conventional hydro- Current transmission 90 Conventional electric range 44 

electricity generation (dam, system 
water turbine) 

�Enthalpic (!lH) efficiency of direct energy flows. Enthalpic (!lH) effiCiencies are also implied in indirect energy flows. 
Either input or output is outside study boundary. Therefore, no enthalpic (!lH) efficiency can be calculated. 
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1 1The GERs of supplying the materials for 
the final step of these pathways are not 
included. For example, the GER of supply­
ing foodstuffs for household cooking is not 
included in the study boundaries. 
13/bid. 
14/bid. 
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fuels such as gasoline, methanol, hydrogen and diesel .  
e Medium grade transport. This refers to the use of energy by  road 

veh icles which have a shorter range and less power output than those 
in the above category. In the New Zealand situation, this specifically 
refers to the use of compressed natural gas in vehicles designed to run 
on gasoline. With the discovery of the Maui natural gas field. a small 
yet significant proportion of vehicles in New Zealand have been con­
verted to operate on compressed natural gas . 

e Industrial heat. 1 2 This refers to the use of energy in industrial 
situations in producing medium to high temperature heat. 

e Water heating. 1 3 This refers to the use of energy in heating water to 
medium temperatures, primarily in the household situation. 

e Space heating. This refers to the use of energy in heating space to 
medium temperatures, primarily in the household situation. 

e Cooking. 1 4 This refers to the use of energy i n  heating food, primarily 
in the household situation . 

Path ways considered 

Theoretically, by linking each of the five primary energy inputs to each of 
the seven effective energy outputs by one pathway each , 35 (5 x 7) 
pathways can be considered. Consideration of al l  these pathways should 
faci l itate the solving of the regression equations by increasing the 
variabil ity in the data set. 

For some of these 35 links there are several possible pathways that can 
be considered. For example, high grade transport can be derived from 
coal in the following ways (to name but a few) :  

( l )  C I gasification 
M h 

1 Mobil process 
G 

1 .  
oa _,. et ano _,. aso me 

(2) Coal 
gasification

_,. Methanol 

(3) C I hydrogenation C d 
. 1 

G 
1 . 

d. 1 
oa _,. ru e 01 _,. aso me, 1ese 

I n  a situation like this, the criteria used to narrow the alternatives to one 
option is the most energy efficient pathway (in enthalpy terms) possible in 
terms of current technology. Therefore. in the above example option (2) 
should be chosen .  

Some primary energy inputs can b e  converted more efficient ly (in 
enthalpy terms) to high grade transport energy rather than to medium 
grade transport energy. For example , crude oil can be converted more 
e fficiently to gasoline and diesel (high grade transport energy) than to 
compressed methane (medium grade transport energy) .  In  a situation 
l ike this, the medium grade options were eliminated from consideration 
because, even in enthalpy terms, they constituted an inefficient use of the 
energy resource . 

Therefore, by applying these selection criteria a list of33 energy supply 
use pathways were considered for analysis: 

( l)  Coal _,. E lectricity generation _,. Transmission _,. E lectrical output 
(2) Oil _,. E lectricity generation _,. Transmission _,. Electrical output 
(3) Gas _,. Electricity generation _,. Transmission _,. E lectrical output 
( 4) Wood_,. E lectricity generation_,. Transmission_,. E lectrical output 
(5) Hydroelectricity _,. E lectricity generation _,. Transmission _,. 

Electrical output 
(6) Coal _,. Methano l _,. High grade transport 
(7) Oi l _,. Gasoline, diese l _,. High grade transport 
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1 5 11 could be more difficult to obtain 
solutions to the regression when multiple 
outputs are considered. Generally this will 
mean there will be less variability in the data 
set, and therefore more pathways will need 
to be considered to obtain significant results. 
lt is also expected that in some instances 
considering multiple outputs could lead to 
the problem of correlation between 
variables. 
"New Zealand Ministry of Energy, Energy 
data files, Wellington, New Zealand, 1978-
8 1 .  
1 7New Zealand Ministry of Energy, Goals 
and Guidelines: An Energy Strategy for 
New Zealand, Wellington, New Zealand, 
1 978, (particularly the energy flow diagram 
on the inside back cover). 
'"A.J. Carter, N.J. Peet, and J.T. Baines, 
Direct and Indirect Energy Requirements 
of the New Zealand Economy, Department 
of Chemical Engineering, University of 
Canterbury, Christchurch, New Zealand, 
1 980. 
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(8) Gas � Methano l �  High grade transport 
(9) Wood � Methanol � High grade transport 

( 10) Hydroelectricity � Hydrogen �  High grade transport 
( 1 1 )  Gas � Compressed natural gas � Medium grade transport 
( 12) Wood � Methane � Medium grade transport 
( 13) Coal � Methane � Medium grade transport 
( 14) Coal � Industrial heat 
( 15) Oil � Industrial heat 
( 16) Gas � Industrial heat 
( 17) Wood � Industrial heat 
( 18)  Hydroelectricity � Electricity generation � Transmission � 

Industrial heat 
( 19) Coal � Water heating 
(20) Oil � Water heating 
(2 1 )  Gas � Water heating 
(22) Wood � Water heating 
(23) Hydroelectricity � Electricity generation � Transmission � Water 

heating 
(24) Coal � Space heating 
(25) Oil � Space heating 
(26) Gas � Space heating 
(27) Wood � Space heating 
(28) Hydroelectricity � Electricity generation � Transmission � Space 

heating 
(29) Coal � Cooking 
(30) Oil � Cooking 
(3 1 )  Gas � Cooking 
(32) Wood � Cooking 
(33) Hydroelectricity � E lectricity generation � Transmission � 

Cooking 

The model constructed in this example only had one effective output per 
pathway, although having several primary energy inputs per pathway. A 
more complex model could have several energy outputs and several energy 
i np uts per pathway. 1 5 For example, each pathway could be considered to 
have one main energy output and various waste heat outputs. Coefficients 
for different  grades of waste heat, that could be converted to effective 
outputs by the use of the appropriate technology, could be estimated 
using this technique. Also, in situations where there is a partitioning 
problem, several outputs could be considered for one pathway. 

Data collection and data set 

The GER of the 33 pathways were estimated using data from various 
statistical and literature sources. The process method of energy account­
ing formed the basis of these estimations. Flow diagrams for each path­
way were drawn to aid in these estimations (see Figure 1 ) .  Data about the 
efficiency of the main flows were obtained from various publications of 
the New Zealand Ministry of Energy, 1 6• 1 7 for pathways currently operat­
ing in New Zealand. Literature data were used to estimate the efficiencies 
of main flows, for pathways which are not currently operating in  New 
Zealand. The indirect energy requirements were estimated using data 
from a recently completed input-output based energy analysis of the New 
Zealand economy. 18 

From these data the GER of each pathway was estimated, and normal-
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• Conversion ratio of main flow 
! !GEA of input in primary energy terms. 

Figure 1. Method of calculating the 
gross energy requirements (GER) of 
pathway 1 .  
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ized to be expressed in terms of 1 MJ of effective output. This normaliz­
ation process had the effect of improving the versati lity of the data set. In 
a normalized data set, experience has demonstrated that, statistical ly,  it is 
un important what variable is used as the equivalencing unit. However, it 
does assume that the relative demand of each output of each pathway is 
the same . Neverthe less, in both this and other cases examined this 
assumption has not been found to be critical ,  as the magnitude of the 
est imated coefficients do not significantly change when the outputs are 
weighted according to different relative demands. 

Final ly ,  a data set was constructed using data obtained from the data 
col lection and analysis procedure (see Table 2) .  

Results 

Table 3 outlines the results of regression, where the estimated coefficients 
are expressed in terms of hydroelectricity equivalents per MJ of input or 
output,  ie where n1 is arbitrarily given a value equal to unity. The F ratio 
for this model is 14.93 which is significant at the p = 0.00 1 leve l .  The 
estimates of coefficients are a l l  significant at the p = 0.01 level .  

By arbitrarily giving the other coefficients values equal to  unity, the 
fol lowing F ratios were obtained for these models: 

1 ,  F ratio = 13.43,  gas equivalents 
1, F ratio = 10. 75, oi l  equivalents 
1 ,  F ratio = 8.00, coal equivalents 
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Table 2. Data set: gross energy requirements of energy supply-use pathways In an energy efficient New Zealand economy. 
§ ::::: -:e 

Primary energy inputs (MJ)a Effective energy outputs (MJ)a,b 2., 
Y1 Y2 Y3 Y4 vs Y6 Y7 � 

X1 X2 X3 X4 Xs Electrical High grade Medium grade Industrial Water Space " 
� 

Pathway Hydro Gas Oil Coal Wood output transport transport heat heating heating Cooking ·;:; 
Coal -> Electrical output 0.03 0.01 0. 1 0  4.56 0.00 1 0 0 0 0 0 0 

" 
Oil -> Electrical output 0.04 0.03 3.83 0.31 0.00 1 0 0 0 0 0 0 § Gas _. Electrical output 0.04 3.84 0.17 0.04 0.00 1 0 0 0 0 0 0 "' 
Wood _. Electrical output 0.03 0.01 0.52 0.02 9.39 1 0 0 0 0 0 0 ::: 
Hydro _. Electrical ou1pu1 1 . 1 4  0.01 0.08 0.04 0.00 1 0 0 0 0 0 0 

"'-
I;; Coal -> High grade transport 1 .86 0.13 1 .05 8.00 0.00 0 1 0 0 0 0 0 � Oil -> High grade transport 0.36 0.1 7 5.64 0.60 0.00 0 1 0 0 0 0 0 

Gas _. High grade transport 0.36 6.09 0.89 0.20 0.00 0 1 0 0 0 0 0 
Wood _. High grade transport 1 .99 0.13 1 .30 0.59 7.75 0 1 0 0 0 0 0 
Hydro _. High grade transport 3.98 0.14 0.93 0.21 0.00 0 1 0 0 0 0 0 
Gas _. Medium grade transport 0. 1 5  4.57 0.84 0.33 0.00 0 0 1 0 0 0 0 
Wood--> Medium grade transport 1 .06 0.25 1 .35 0.42 9.40 0 0 1 0 0 0 0 
Coal -> Medium grade transport 0.93 0.23 1 .03 9.42 0.00 0 0 1 0 0 0 0 
Coal -+ Industrial heat 0.04 0.01 0.07 1 .51  0.00 0 0 0 1 0 0 0 
Oil -+  Industrial heat 0.02 0.02 1 .50 0.1 3 0.00 0 0 0 1 0 0 0 
Gas -+ Industrial heat 0.03 1 .57 0.06 0.02 0.00 0 0 0 1 0 0 0 
Wood -+ Industrial heat 0.03 0.03 0. 1 8  0.03 3.03 0 0 0 1 0 0 0 
Hydro -+ Industrial heat 0.57 0.01 0.03 0.01 0.00 0 0 0 1 0 0 0 
Coal -+ Water heating 0.02 0.00 0.08 2.10 0.00 0 0 0 0 1 0 0 
Oil -+ Water heating 0.02 0.02 1 .73 0. 1 5  0.00 0 0 0 0 1 0 0 
Gas _.. Water heating 0.03 1 .81 0.07 0.02 0.00 0 0 0 0 1 0 0 
Wood _.. Water heating 0.03 0.03 0. 1 8  0.03 3.03 0 0 0 0 1 0 0 
Hydro _. Water heating 0.58 0.01 0.06 0.02 0.00 0 0 0 0 1 0 0 
Coal -> Space heating 0.01 0.06 0.10 2.16 0.00 0 0 0 0 0 1 0 

m Oil -> Space heating 0.03 0.03 1 .97 0.17 0.00 0 0 0 0 0 1 0 
z Gas _.. Space heating 0.04 1 .84 0.07 0.02 0.00 0 0 0 0 0 1 0 m Wood -+ Space heating 0.03 0.03 0.17 0.03 2.86 0 0 0 0 0 1 0 :a Hydro _.. Space heating 0.46 0.01 0.05 0.01 0.00 0 0 0 0 0 1 0 G) Coal _. Cooking 0.1 4 0.04 0.25 5.28 0.00 0 0 0 0 0 0 1 < Oil -> Cooking 0.07 0.07 5.62 0.48 0.00 0 0 0 0 0 0 1 

� Gas -. Cooking 0.10 5. 1 6  0.07 0.20 0.00 0 0 0 0 0 0 1 
Wood_. Cooking 0.08 0.08 0.46 0.08 7.69 0 0 0 0 0 0 1 r- Hydro '--> Cooking 2.09 0.04 0.1 1 0.03 0.00 0 0 0 0 0 0 1 0 < aExpressed in enthalpy (t...H) terms; 1 kWh = 3.6 MJ. 

0 bNormalized so that all effective outputs equal unity. 
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Estimation of the quality of energy sources and uses 

n5 = I ,  F ratio = 6.08 ,  wood equivalents 
m 1 = I ,  F ratio = 7.30, electrical output equivalents 
m2 = I ,  F ratio = 40.60, high grade transport equivalents 
m:� = I ,  F ratio = I8 .87, medium grade transport equivalents 
m4 = 1 ,  F ratio = l . I4, industrial heat equivalents 
m5 = I ,  F ratio = I .43 , space heating equivalents 
m6 = I ,  F ratio = 1 .47,  water heating equivalents 
m7 = I ,  F ratio = 1 2 .58, cooking equivalents 

Using the procedures outlined in the methodology section, these basic 
models can be improved, and the criteria outl ined in the same section 
should be used to finally determine which basic model should be adopted. 
At this stage, it appears that those models  where m4 = I ,  m5 = 1 and 
m6 = I are unsatisfactory, as they are not significant at the p = 0. 10  l evel . 

Comment on results 

The most important implication of these results is that different primary 
energy resources can be ranked in terms of their energy qualities. Not 
surprisingly, hydroelectricity was found to have the highest q uality 
coefficient, fol lowed by natural gas and oi l ,  then coal and finally by wood 
(see Table 3 ) .  These quality coefficients enable conventional enthalpy­
based statistics and data to be converted into quality equivalent terms. 
Such qual ity-based statistics and data should be of greater use in energy 
planning and policy formulation, as they retlect the energy qualities of 
di fferent primary energy resources. 

Further explanation of the quality equivalent concept 

This concept is fundamental in terms of the use and understanding of this 
technique. Most importantly, it provides an independent means of con­
verting inputs and outputs to common energy units. For example,  al l  
outputs can be converted to hydroelectricity equivalents (using data from 
the above example) :  

lMJ of e lectrical output ____,.. 1 .46 hydroelectricity equivalents 
l MJ of high grade transport output____,.. 3. 71 hydroelectricity equivalents 
lMJ of medium grade transport output ____,.. 3.06 hydroelectricity 
equivalen ts 
lMJ of industrial heat ____,.. 0.59 hydroelectricity equivalents 
l MJ of water heating ____,.. 0.66 hydroelectricity equivalents 

Table 3. Results - estimate of quality coefficients fol" primary energy Inputs and effective energy outputs. 

Estimate of Standard 
Coefficient coefflcrentS deviation8 

n , Hydroelectricity 1 .00b 

n, Natural gas 0.43 0.06. 
n ,  Oil 0.40 0.06 
n" Coal 0.21 0.04 
n, Wood 0. 1 5  0.03 
m ,  Electrical output 1 .46 0.25 
m, High grade transport 3.71 0.32 
m, Medium grade transport 3.06 0.42 
m" Industrial heat 0.59 0.20 
m, Water heating 0.66 0.20 
m. Space heating 0.66 0.20 
m7 Cooking 1 .97 0.27 

�Expressed in terms of hydroelectricity equivalents per MJ of input or output. 
By definition. 

I ratio 

6.99 
6.27 
4.73 
4.46 
5.82 

1 1 .26 
7.31 
3.01 
3.30 
3.30 
7.21 

Quality ranklng 

High quality input 
Medium quality input 
Medium quality input 
Low-medium quality inpu1 
Low quality input 
Medium quality ou1pu1 
High quality output 
High quality output 
Low quality ou1put 
Low quality ou1put 
Low quality output 
Medium quality output 
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' "For example, it could mean that if this 
amount was to come entirely from wood, 
the following amount of energy would be 
required: 

1 MJ of output 
__ 3. 71 J:!ydroelectricity equivalent 
- 0.51 hydroelectricity equivalent MJ-1 
= 24.73 MJ 

'"N t f GER of systemsoutput - e energy ra 10 = 
GER of systems input 

1 'W.B. Earl, 'Methanol from wood in New 
Zealand', in Alcohol Fuels, Institution of 
Engineers, University of Sydney, Sydney, 
Australia, 1 978, pp 51 7-521 . 
11M.  Slesser and C. Lewis, Biological 
Energy Resources, Spon, London, 1979, 
Table 5.5. 
!.JP.F. Chapman, 'Energy analysis of 
nuclear power stations', Energy Policy, Vol 
3, No 4, 1 975, pp 285--298. 
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1 MJ of space heating � 0.66 hydroelectricity equivalents 
1 MJ of cooking output � 1 .  97 hydroelectricity equivalents 

It is important to realize that this does not necessarily mean that 3. 71 MJ 
of primary hydroelectricity is required to produce lMJ of high grade 
transport output . However, it does mean that any equivalent package of 
primary energy equal to 3 .  7 1  hydroelectricity equivalents is required, to 
produce 1 MJ of h igh grade transport output . '" Similarly, al l  inputs can be 
converted to hydroelectricity equivalents (using data from the above 
example) :  

l MJ of hydroelectricity � 1 .00 hydroelectricity equivalents 
I MJ of natural gas � 0 .-1-3 hydroelectricity equivalents 
I MJ of  oil � 0.-Hl hydroelectricity equivalents 
I MJ of coal � 0.2 1 hydroelectricity equivalents 
I MJ of wood __, 0. 15 hydroelectricity equivalents 

It is important to real ize that the amount of primary energy required to 
produce a hydroelectricity equivalent . is independent of the eventual end 
use (or effective output class ) .  In this way the quality equivalent concept 
a l lows intrinsic quality coefficients ( independent quality coefficients) to 
be assigned to each primary energy input and each effective energy 
output .  This is a fundamental element of the nature of this regression 
model l ing technique . 

Discussion and review 
Uses of data derived from the technique 

The data derived from the use of this technique are particularly useful in  
the evaluation of alternative energy supply options . In EA, net  energy 
ratios20 are frequently used to assess the amount of net energy which an 
energy producing system would supply. 

However, these net energy ratios are quite often misleading because 
the inputs and outputs of the industry or system are of differing qualit ies. 
For example,  with many biomass energy production systems the energy 
inputs are high quality energy resources (particularly electricity) and the 
outpu ts are only of medium quality. This was found to be the case with 
wood gasification and catalysis to methanol/ '  and the production of 
biogas from wastes. 22 Therefore , particularly in countries such as New 
Zealand where most consumer-level e lectricity cannot be converted back 
to fossil fuel energy units ,  this leads to inflated net energy ratios when 
conventional enthalpy units (6H) are used in the calculation. In  fact, by 
converting all inputs and outputs to common quality equivalents it can be 
seen that some systems actually produce no net energy, and are therefore 
not viable as energy producing systems. 

The opposite is the case in the estimation of net energy ratios of nuclear 
power stations where the main output is a high quality energy resource 
(e lectricity) and the main inputs are medium quality energy resources 
( fossi l  fuels) .  2-' That is, in this case, if the net energy ratio is expressed in 
conventional enthalpy units (6H) , i t  is deflated. This is because no 
weight is given to the fact that a high quality energy resource (electricity) 
is produced from lower quality energy resources (fossil fuels). In such 
cases as this, the use of quality coefficients to convert all inputs and 
outputs to quality equivalent terms should add more weight to the net 
energy concept in technology evaluation and assessment . 
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HIFIAS, 1 974, op cit, Ref 3. lt is recom­
mended that for 'developed or industrial­
ized economies' the energy associated 
with labour should not be considered. 
zsM. Slesser, Energy in the Economy, 
Macmillan, London, 1 978. Slesser defines 
GER as 'the sum of all energy resources 
expressed in enthalpy terms that had to be 
sequHstered from the earth's non­
renewable resources of energy in order to 
deliver a good or service to the point of 
interest' .  This definition therefore excludes 
renewable energy resources such as solar 
energy and hydroelectricity. 
z"These inputs can also be critical in 
developed economies. For example, New 
Zealand's economic growth depends to a 
large extent on renewable energy 
resources - (hydroelectricity and solar 
energy via agricultural production 
systems). 
z>J.S. Steinhart, and C.E. Steinhart, 
'Energy use in the US food system'. 
Science, No 1 84, pp 307-316, (see Figure 
3). 
zs'lntrinsic' to the system being considered. 
Refer to the definitions in the Appendix. 
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In a s imi lar way, converting forms of energy to common quality 
equivalents should assist energy planning and policy formulation at the 
macro level .  Difficulties often arise in  determining the most energy 
e fficient method or strategy for providing a given service , because the 
technologies and infrastructures involved require different m ixes of 
primary energy of different qual ities. By converting all forms of energy to 
common qual ity equivalents, optimization techniques such as l inear or 
non-l inear programming can be used to determine the most energy 
e fficient strategies or policies. Information gained from such procedures 
should be useful to organizations and agencies concerned with investigat­
ing energy e fficient or low energy futures, as the terms ·energy e fficient' 
and 'low energy· tend to have somewhat nebulous meanings. un less al l 
forms of energy can be expressed in common quality terms. 

Possih!e extensions of the technique relevant to energy analysis 

One of  the major l imitations and points of  criticism of conventional EA is 
that it does not take account of all energy resources (particularly solar) 
and labour inputs. z• The approach has tended to take account of  high 
qual i ty non-renewable rcsourccs25 and neglect lower quality renewable 
energy resources. This approach is te some extent justifiable in modern 
economies where such inputs arc no longer sign ificant in terms of sustain­
ing their high levels of economic growth . However, these inputs can be 
crit ica l .  particularly in less developed economies and in less energy 
intensive systems. 26 In such circumstances it could be considered 
appropriate to include labour and those renewable energy resources 
which arc usually excluded from the analysis. This can easily be done by 
including these inputs as extra x variables in the regression mode l .  

Coefficients for labour inputs could be  expressed in terms of man-years 
per effective energy output . In e ffect , these would be an expression of the 
energy equivalents of labour, such as those which are implicit in  data 
presented by Stein hart and Steinhart . z7 

Preliminary consideration of the technique 's use in energy analysis 

By using the technique described in  this paper, an intrinsiczx value can be 
p laced on all forms of energy which are expressed in enthalpy (L.H) 
terms. Value is defined in terms of the relative efficiency at which a given 
energy source is converted to any useful output. Therefore, by using 
these energetic values, EA can be used as an evaluative rather than 
descriptive technique. This is particularly the case if the rationale of the 
most e fficient use of current technology, which was used in the appli­
cation described in  this paper. is used in applying this technique. This is 
because such a rationale reflects the long-run efficient use of an energy 
source to a greater degree. 

It should be noted that this extended form of EA also has its weak­
nesses and l imitations, l ike any evaluation technique, including conven­
t ional  economics. As mentioned above, value is defined in terms of the 
i ntrinsic e fficiency with which an energy source is converted to a useful 
output .  Defin ing 'useful' has its problems as it is essential ly a values 
statement which has no meaning outside a given human values system. 
Furthermore, there is often an i ndistinct boundary between what can be 
considered a valuable or a wasteful form of energy. For example, is waste 
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29These economic 'externalities' are some­
times 'internalized' into economic 
analyses. Refer to A.K. Dasgupta and 
D. W. Pearce, Cost-Benefit Analysis: 
Theory and Practice, Macmillan, London, 
1 972, (particularly Chapter 5). 
.1o1n a fundamental sense, time could be 
considered to be a physical resource that is 
always consumed, and cannot be created 
or supplied from existing resources. 
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heat  e m anating from household cooking appliances real ly  'wasted'? It 
could be considered to be a useful form of space heating.  However, by 
u s i n g  a series of work ing defin i t ions. this defi n it ional problem can at least 
be in part overco m e .  

Like moneta ry val ues in  economics, these energetic values do not 
n ecessa ri l y  take account of  envi ronmental or social  values. 29 However. 
by a l l owing for such thi ngs as 'clean technologies' such values can often 
be i m p l ie d  in  t hese energetic values. Another l imitation of energetic 
va luations is t h a t  they are particular to the structural mix of  technology 
which is assumed.  However .  this is not u n l i ke economics , where 
monetary costs depend on , amongst other th ings, the structural m i x  of 
techno logies which underpin a given production syste m .  

Probably the m o s t  importan t  l im itation which this extended form o f  
E A  has in  common w i t h  conve ntional economics. is t h a t  energetic values, 
l i k e  the monetary val ues , do not take account of  the comparative long­
term value of  stock and tlow of energy resources .  Neither economics nor 
EA can reconci l e .  in terms of  some intergenerational wel fare function , 
t h e  poss ible req ui rements of future generations and the req uirements of 
the present ge n e ration for stock e nergy resources, which for all  intents 
a n d  pur poses are fi nite and depletable . 

The author does not consider the use o f  energy as a unit of value to be 
an arbi tra ry gimmick.  Energy is considered to be a primary resou rce 
which 'drives' a l l  natural and economic systems.  Furthermore ,  i t  is the 
only physical resource , "' accord ing to the Second Law of The rmo­
d y n a m ics , which is absolutely depletahle.  Material resources can a lways, 
at  least theoretica l l y  if not in practice . he manufactured , recycled or 
re-used out of  used or virgi n materia ls by using energy. Therefore ,  
because of  i t s  fu ndamental  nature in a l l  systems, energy i s  often an 
appropriate u n i t  of  value to use , particul arly when considering the long­
term use and sustainabi l ity of  physical systems. 

The refore , by using these common energetic values (qual i ty 
e q u iva lents)  in E A , its eval uat ive scope and potential  should be 
i m p roved . However ,  it  should be noted that,  by d e finition , energy based 
v a l uation tech niques do not necessaril y  say anything about monetary 
val ues . Nor do energy based evaluation techniq ues necessari ly say 
a nything about the e fficient or optimal al location of financial resources. 
a n d  should therefore not be directly used for guiding such decisions. 

Conclusions 
The most i m portant finding of t h is study has been that d i fferent primary 
e n e rgy resources can be ran ked in terms o f  their energy quality,  using the 
regression tech nique out l ined in  the article. Prel iminary applications of 
t h is tech nique for the New Zealand situation, indicate that hydro­
e l ectricity is the h ighest quality energy resource , fol lowed by natural gas 
a n d  o i l ,  then coal and fin a l ly by wood. By using q uality coefficie n ts for 
t h ese energy resources, conventional enthalpy based statistics and data 
can be converted to quality equivalent terms. Thi s  has particular 
re l evance in improving the evaluative scope and potentia l  of  energy 
a n a lysis , but should a lso provide valuable i n formation for energy 
p l a n n i ng a n d  policy form u lation purposes. The technique is versa t i le and 
flexib le,  as i t  can be used to estimate q u ality coefficients o f  any energy 
resource for a n y  economy or for any syste m .  
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Appendix 
Definitions 
Primary energy inputs. Any given 
economy is considered to have a 
n umber of primary energy inputs, that 
is ,  energy inputs i nto t he economy 
from exogenous sources, such as from a 
natural resource base or from imports. 
All secondary or intermediary energies 

can be converted back to primary 
e nergy i nputs . The primary energy 
i nputs in t his study are expressed in 

terms of t heir  entha l pic values ( 6H), as 
is normal practice . 

F:jfective f'lll'rxy outpuLL Any given 
cconomy is a lso co nsidered to have a 
n umber of effective energy outputs. 
These outputs refer to effective or 
useful energies resu lting from end-use 
processes in the economy. For 
example , i n  cooking t h is refers to 
energy a bsorbed hy the cooking load, 
and it does not refe r to the waste he at 
wh ich is lost to t he surrounding 
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e nv i ro nmen t .  In any specific analysis it  
is important that these effective energy 
outputs be clearly defined . I n  this study 

the effective energy outputs are also 
expressed in terms of their enthalpic 

values (!::,H) . 

Quality of primary energy inputs. This 
is defined as t he relative efficiency at 
which a given primary energy i nput is 
converted to e ffective energy outputs. 
I n  this study it is expressed i n  terms of 
common q ua lity units per unit  of 
e nthalpy ( 6H) of primary energy 

i n put .  

Quality o !effective energy outputs. This 
is defined as t he gross energy require­

ments ( direct and indirect )  of an 
e ffective energy output ,  expressed i n  
4 ua l ity temns. I n  this study i t  is 
expressed in terms of common quality 

units  per unit o f  enthalpy (6H) of 

effective energy output. 

Intrinsic quality. This is the quality o f  a 
primary i nput or effective energy out­
put which is intrinsic to a given 
economy with its given structural mix 
of technologies. These qualities are 

i ndependent of each other, and only 

depend o n  the given mix of technologi­
cal structures and t heir operational 
efficiencies, which are specific to a 

given economy. By using the technique 
described in this paper, these intrinsic 

q ualities can be mathematica l ly deter­
m ined by a nalysing a given set of 
energy supply-use pathways of t hat 
g1ven economy. 

Quality equivalents (or common energy 
units). These are common energy uni ts  
to which a l l  primary energy inputs 
( 6H) and effective energy outputs 
( 6H) ca n  he converted. 
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