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
difficulties, a regression technique
has been developed which enables
all forms of energy to be converted
to common quality equivalents. In
particular this should improve the
evaluative scope and potential of
energy analysis, and in 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 technique, the
limitations and some possible
extensions of this technique are
discussed.
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1A comprehensive coverage of EA is given
by the December 1975 special issue of
Energy Policy, Vol 3, No 4, which contains 7
articles on this lopic.
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Estimation of the quality
of energy sources
and uses

M.G. Patterson

Cnergy analysis (EA)' and other macro-level technigues that use physical
measurements of energy have tended to use enthalpy (AH) measure-
ments. In particular, this has led to much criticism of EA, because of its
consequent inability to deal with energy of different grades or qualities.*
Unfortunately, enthalpy (AH) measurements only measure the heat
content of energy forms, and they 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. Therefore, there is
a general requirement for a physical measurement of energy that takes
account of the acrual energy quality of different forms of energy. Such a
requirement is of particular importance in terms of developing EA as an
acceptable evaluative technique.

Methodology

Refer to the Appendix for definitions of: primary energy inpuis; effective
energy outputs; quality of primary energy inputs; quality of effective
energy oulpuis, infrinsic gualirv; and gualiry equivalenes.

Energy accounting procedures

The first step is to identify all primary ‘energy inputs and all effective
energy outputs of the economy or system. The second step is to link all
primary energy inputs to all effective energy outputs by constructing a
number 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 problem?
often associated with such energy accounting procedures. The third step
is to estimate the gross energy requirements (GER) of each pathway. The
GER includes the direct energy inputs and the indirect energy inputs of
each pathway, expressed in enthalpic values (AH). As a general principle,
it is recommended that the IFIAS conventions of energy accounting be
used in determining the GER of each pathway.*

Regression equations and solutions

The supply and use of energy in any given economy can be represented by
the following general equation:
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G. Leach, 'Net energy analysis ~ Is it any
use?’, Energy Policy, Vol 3, Na 4, 1975, pp
332-354.

IThe problem ra'l'm o the
problem where there is only one enengy
input figure available, and this figure needs
to be allocated lo outputs of the syslem.
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 Meathodology and Conventions,
IFIAS, Stockholm, 1974,

*For a more complete range of statistical
tests of regression models readers should
refer 1o the appropriale literature. See N.R.
Draper and H. Smith, Applied Regression
Analysis, 2 ed, Witey, New York, 1981,
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where Y = effective energy output of an end-use class (AHgypu;)
X = primary energy input (AHjnput)
m = quality coefficient for an effective energy output (quality
equivalents/AHqupur)
n = quality coefficient of a primary energy input (quality equiv-
alents/ AHq50,)
i = energy supply-use pathways.

I

The effective energy outputs (¥1....¥,) and the primary energy inputs
a) are known. The quality coefficients of the effective energy
outputs (mu.....mg), and the quality coefficients of the primary energy
inputs (m.....n,) are not known and they can be determined by multiple
linear regression.

To determine these coefficients, one coefficient must arbitrarily be
given a value equal to unity. For example, coefficient i can be given a

value of 1, and then by rearrangement the general equation now reads:
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S -iem 35 -+

..... M, E:-l

=(Ya)i

where i = 1

This equation is now in a form that can be solved by multiple linear
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
equation, only have meaning relative to m = 1. That is, they are
expressed in multiples of n.."In this study such multiples are termed
‘quality equivalents’. It is recommended that the regression equation be
solved several times by in turn assigning values of unity to each coefficient
(mis.....mMpa, Mi.....ny). In this way the general robustness of the model,
and thc validity of this procédure can be tested. : :

As a general principle, it is advisable that as many pathways as poss:ble
be used in the regression procedure. This should increase the variability
in the data set, and hence lead 1o more accurate solutions of the
regression. In particular, it is advisable that each primary energy input
class be linked to each effective energy output class by one pathway each
(thatis, X, % Y, pathways should result from this).

Statistical analysis of solutions

To test the statistical validity of any given set of solutions (ie a particular
model) generated by this technique a number of statistical tests should be
undertaken.®
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F rest, Usually in regression analysis this is the most important test, as it
indicates the overall statistical validity of the model. That is, how
adequately the solutions to the regression equation ‘fits’ the actual data
set. The F ratio for a model iz calculated by most programme packages
used in regression analysis. The level of significance (p) can be calculated
by using standard F distibution tables.

t test of coefficients. The t ratios for each coefficient are also calculated by
most programme packages used in regression analysis. The ¢ ratio of a
coefficient is simply the estimated coefficient divided by its standard
deviation. The level of significance (p) of each ¢ ratio. and hence the
statistical accuracy of each coefficient estimate. can be calculated by
using standard ¢ distribution tables.

Examination of residuals. An examination of the residuals for each
pathway should be undertaken. Those pathways which have the highest
standardized residuals conform least to the regression model. If at all
possible, it 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 analysis.

Orher siatistics. Various other statistics and statistical tests can be under-
taken to test a model. For example, the Durbin-Watson statistic can be
calculated to test the model for autocorrelation. It may also be useful to
calculate partial F ratios for each coefficient. so as to estimate their
contributions to the overall level of significance of the model.

Recommended methods of model seleciion and improvement

It is recommended that the maximum number of madels be generated by
giving each coefficient in turn a value of unity. These basic models
should form the basis of the model selection and improvement
procedures.

The simplest approach is to choose the basic model which has the
highest F ratio. provided the model makes good physical sense. For
example, it is meaningless to use a model where a coefficient is negative.,
as this is a physical impossibility.

A more complicated and instructive approach is to ‘experiment’ with
the models so as to maximize the level of significance (p) of the model.
The aggregation and, where possible, the disaggregation of variable
classes (X....X,. ¥i....¥,) should form the basis of this ‘experimenta-
tion’. The original classifications may not necessarily be the ‘best’ way of
classifying the inputs (X.....X,) and outputs {Y.....Y,) in terms of their -~ -
energy qualities. It is not only more statistically valid to maximize p, but it
can also be more instructive to the analyst. This is because such reclassifi-
cation may give some insight as to the physical and technical reasons why
it is best to classify inputs and outputs in a particular way.

When aggregating various inputs or outputs it is recommended that
those classes with the lowest r ratios for their 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 Fratio of the model. Eventually, an optimum aggregation
of inputs and outputs should be reached. where the level of significance
{p) of the model cannot be improved. Statisticallv, this model best

“For example, Draper and Smith, op cit, €XPlains the use of energy in the economy or system. in terms of energy
Ref 5. qualiry, and should make good physical and technical sense.
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"Multiple linear regression assumes linear
proporicnalities, For non-linear proportion-
alities non-linear multiple  regression
should be used.

"Time series data and intemational
comparisons strongly indicate that dollar
outputs (3) are lineary proportional to
primary energy inputs in economic sysiems.
On this basis it &5 not unreasonable to
aszume (hat effective energy outputs will be
proporional to primary enemgy inputs in
ECONOMIC Sysiems,

"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 o
lechnology approaches a the b
limit: A. Decker, Report of Sth TNO
Conference  on  Energy Accounting,
Rotterdam, 1976; IFIAS, Workshop on
Energy Analysis and Economics, Report
Mo 9, Stockholm, 1975. Therefore, in the
long run, for a given economy a set of lang
run quality coefficients will be approached.
""The systermn boundary ends al 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 dificull to estimate accurately.

s m sy B IS Pasamber 1087
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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 (Xi....X,) and all cutpues
(Y.....Y,) have intrinsic quality coefficients.

This hypothesis will 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.*
Therefore, it is not so much a matter of proving this central hypothesis,
but of building a model which best explains this central hypothesis.

To elaborate with an example, the simplest way to model an economy
is 1o 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, so0 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 efficient New Zealand economy

To demonstrate the use of this technique, a regression model of a
notional® New Zealand economy which uses the most energy efficient
technology currently available will be used (see Table 1). There is some
allowance made for operational inefficiencies which inevitably occur in
any real 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
coefficients.'®

Inputs and outputs considered
The primary energy inputs considered in this example are:

Hydroelectriciry. This refers to hydroelectricity at the point of
generation, before transmission.

Natural gas. This refers to natural gas as it lies in the gas well.

(il. 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.
Coal. This refers to coal as it lies in the ground.

Wood. This refers to wood as it leaves the forest.

The effective energy outpuss considered in this examplé are:

® Electrical outpur." This class includes all energy use in all end-use
processes where there is an absolute requirement for the direct use of
electricity. Other energy sources can only be used directly, afier they
have been up-graded to electricity. These end-use processes include
the operating of electronic equipment such as computers, and various
electrical appliances and machines such as electrically powered
refrigeration units.

® High grade transport. This refers to the use of energy by relatively
long-range, route flexible and high powered road vehicles (that is,
the modemn 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 limited in their range, route flexibility
and/or power output. High grade transport directly uses high grade
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Table 1. An energy eHiclent New Zealand economy: assumed technologies and operational efficiencies,

Fathway
Coal — Electncal ouput

Ol — Electncal output
Gas — Elecincal output
‘Wood — Electncal output

Hydra — Electrical patpa

Coal — High grade transpan

il — High grade transpon

Gas — High grade transpan
Wood — High grade transpon

Hydra — High grade transport

Gas — Low grade transport

Supply technokogy
Comventional powaer Slabon

Conventional powar Slabon

Convertional power station

Power station fired by wood

Converntional bydro-
electnicity generation
{gam; water urbane)
Gasdication, Catahtic
comversicn b methano|
Qil refinary

Catahtic conmversson ta
methanal

Gasification. Catahytic
cormversion o mathandl
Convertional bydro-
electnicity generalion [dam,
waler iurbina), curment
electricity transpor Sysiem,
elecirohtic equiprmant
Current gas supply
technalogy

Wood—Medium grade ransport Gasification
Coal — Medium grade lransport Gasification

Coal— Indusinal heat
Ol — Indusirial heat
Gas — Industrial heat
‘Wiood - Indusinal haal

Hydre — Industrial haal

Coal — Water heating
Ol — Water heating
Gas — Water heating
Wood — Water heating

Hydra — Water heating

Coal — Space healing
Qil — Space heating
Gas — Space heating
Wood — Space hezrhg:

Hydro - Space heating

Coal — Cooking
Oil — Cooking
Gas — Cooking
Wood — Cooking
Hydro — Cocking

Cument coal minang
technology
Qil refinery

Current gas supply
technology

Current sitvicuttural tech-
nodogy and management
Caonventicnal hydn-
generation (dam, waler
burban)

Curment coal mining
techralogy

il refinery

Curment gas supply

technokogy

Current siviculftural tech-
malogy and Management
Canventoral Fpdro-
gererabon (dam, waler
Turbing)

Current coal maning
technology

O refirery

Curram gas supply
technalogy

Cumant sivculiural tech-
nalogy and mansgement
Comventional rydro-
gpeneration (dam, wates
turtine)
Cument coal miming

technoiogy
Oil refinery
Current gas supply

technology
Current silvicutural tech-

Efficiency®

()
26

a2
30

12
b

47
92
59
43
72

Distribution lechnalogy

Curren ransmission
System
Current ransmission
system
Current Iransmissaon

Currgnt ransmissaon
system
Cumant ransmisgon
sysiem

Currend distribution sysiem
feor ligquad! fuets

Curmen distribution Syslem
for liquid fuels

Current distnbution Sy$iem
for liquid fuels

Current destribudion Sysiem
for liquid fuels

Included in tha Supphy
columin

Pipeling

Fipeling

Pipafing

Curren distributicn Syslem
Current distribution sysiem
for liquid hoets

Pipeling

Current dstrbution system

Curment ransmissaon
SySiem

Curmem distribution system
Curent distnibution sysiem
for liquid fuels

Pipeiing

Current distribution system

Current Uansmissxon
Sysiem

Current distribation system

Currant destribautian Sysiem
e liquid hasls
Pipeling

Cument distrition system

Cormventsonal distnibution
sysiem

Curmp ransmession
sysiam

Efficiency®

(%)
i

8 8 8 8

100

100

End-use technology
Current ekectrical and
elpcirorc technology
Curent electnical and
ghacinonc iechnalogy
Cumment esacincal and

glectronic techralagy
Currend edectncal and
electron: technology
Currem electrical and
electrons lechrology
Inlemal combustion angina
Intemal comiustion angina
Intemal cormbustion &nging
Intermal eoenbuston enging

Internal combustion engine
with storage baltery

Internal combustion enging
Intemal combustion anging
Ilermal Comibsticn enging
Industrial boibers and
fumaces

Indusstrial boders and

Heat pumgs (30%),
resigiance heaters (T0%)

Enciosed bumer, waler
heating cylinder
Enclosed bumer, waler
heatng cylinder

Gas water heating cylindar
Enciosed bumar, water
hating cylirder

Heal pumps

Enclosed bumer
Enclosad burmet
Enclosad burmar
Enclosed burmas

Heat pumps

Comventonal coal fired
range

Conventonal od fred ranga
Cornantional gas fired
fangs

Corventional wood fired

range
k . .

EMiciency®
%)

160

AE nthalpic (AH) efficiency of direct anergy ficws. Enthalpic {AH) efficiencies am also impied in indirect energy flows,
PEither input or output is outside study boundary, Theralone, no enthalpe {AH) eficency can be calculated,
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“The GERs of supplying the materials for
the final step of these pathways are not
included. For example, the GER of supply-
ing foodstutls for household cooking Is not
included in the study boundaries.

Bibid.
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fuels such as gasoline, methanol, hydrogen and diesel.
® Medium grade transport. This 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 specifically
refers to the use of compressed natural gas in vehicles designed 1o 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.
Industrial heat.'* This refers to the use of energy in industrial
situations in producing medium to high temperature heat,
Water heating.'® This refers to the use of energy in heating water to
medium temperatures, primarily in the household situation.
Space heating. This refers to the use of energy in heating space to
medium temperatures, primarily in the houschold situation.
Cooking.'* This refers to the use of energy in heating food, primanly
in the household situation.

Pathways 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 = 7)
pathways can be considered. Consideration of all these pathways should
facilitate the solving of the regression equations by increasing the
variability 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):

(1) Coal gasiﬁcatinn_} Msthanid Mobil process_

(2) Coal gasiﬁcatiun_ﬁ Methanol
(3) Coal hydrogenation

Gasoline

—+ Crude 01l — Gasoline, diesel

In a situation like this, the criteria used to narrow the altermatives 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 be converted more efficiently (in
enthalpy terms) to high grade transport energy rather than to medium
grade transport energy. For example, crude oil can be converted more

- efficiently to gasoline and diesel (high grade transport energy) than to

compressed methane (medium grade transport energy). In a situation
like 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 of 33 energy supply
use pathways were considered for analysis:

(1) Coal — Electricity generation — Transmission — Electrical output

{(2) Oil — Electricity generation — Transmission — Electrical output

(3) Gas — Electricity generation — Transmission — Electrical output

{(4) Wood — Electricity generation — Transmission— Electrical output

{3) Hydroelectricity — Electricity generation — Transmission —
Electrical output

(6) Coal — Methanol — High grade transport

(7) Oil — Gasoline, diesel — High grade transport
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it could be more difficult to obtain
solutions lo the regression when multiple
oulputs are considared. Generally thes will
mean there will be less vanability in the data
sel, and therefore more pathways will need
o be considered to obtain significant results.
It is also expected that in some instances
considering mutiple outputs could lead to
the problem of comelaton between
variables,

®New Zealand Ministry of Energy, Energy
data files, Wellington, New Zealand, 1978~
B1.

""New Zealand Ministry of Energy, Goals
and Guidelines: An Energy Strategy for
New Zealand, Wellington, New Zealand,
1978, (particularly the energy flow diagram
on the inside back cover).

14 ). Carer, N.J. Peet, and J.T. Baines,
Direct and Indirect Energy Requirements
of the New Zealand Economy, Department
of Chemical Engineering, University of
Canterbury, Chnsichurch, Mew Zealand,
1980.

as2

(8) Gas — Methanol - High grade transport
(9) Wood — Methanol — High grade transport

(10) Hydroelectricity — Hydrogen — High grade transport

(11) 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 = Industnal heat

(16) Gas — Industnal heat

(17} Wood — Industrial heat

(18) Hydroelectricity — Electricity generation — Transmission —
Industrial heat

(19) Coal — Water heating

(20) Oil — Water heating

(21) 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

(31) Gas — Cooking

(32) Wood — Cooking

(33) Hydroelectricity — Electricity 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
inputs per pathway.'® 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 dara 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,'®"” 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.™

From these data the GER of each pathway was estimated, and normal-
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* Conversion ratio of main flow
| JGER of input in primary energy terms,

Figure 1. Methed 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 versatility of the dataset. In
a normalized data set, experience has demonstrated that, statistically, itis
unimportant 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. Nevertheless. in both this and other cases examined this
assumption has not been found to be critical, as the magnitude of the
estimated coefficients do not significantly change when the outputs are
weighted according to different relative demands.

Finally, a data set was constructed using data obtained from the data
collection and analysis procedure (see Table 2).

Results

Table 3 outlines the results of regression, where the estimated coefficients
are expressed in terms of hvdroelectricity equivalents per MJ of input or
output, ie where n1is arbitrarily given a value equal to unity. The F ratio
for this model is 14.93 which is significant at the p = 0.001 level. The
estimates of coefficients are all significant at the p = 0.01 level.

By arbitrarily giving the other coefficients values equal to unity. the
following F ratios were obtained for these models:

ny = 1, Fratio = 13.43, gas equivalents
ny = 1, Fratio = 10.75, oil equivalents
1, Fratio = 8.00, coal equivalents

Il
1

ny
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Table 2. Dats sel: gross energy requiremeanis of energy supply—usa patirways In an energy officlent New Zaaland economy.

Primary snergy Inputs (MJ)® Elfective snergy outputs (MJ)%D
1 Y2 Y3 Y4 Y5
X1 Xz X3 My xg Electrical High grade Madium grade Industrial Waler
Palhway Hydra Gas 1+ ] Coal Wood output transport transport haat haating
Coal — Electrical oulput 0.03 001 oo 456 0.00 1 o Q o o
OHl = Elecincal output 004 0.03 .83 0.3 .00 1 o 4] o 4]
(Gas — Electrical output 0.04 .84 oar 0.04 .00 1 o ] v} 4]
‘Wiood — Elecirical outpu 0.03 0.01 0.52 0.02 9.39 1 a V] 4] Q
Hydro — Ebectrical oulput 1.14 0,01 0.08 0.0 0.00 1 1] o i} Q
Coal — High grade ransport 1.86 0.13 1.05 8.00 0.00 1] 1 0 0 a
il — High grada Iranspart 036 0a7T 5654 0.60 000 o 1 o 4] ]
Gasg — High grade Iransport 0.36 6.09 0.89 0.20 0.00 0 1 V] V] 0
Wood — High grade Iranspor 1.69 0.13 1.30 0.59 1.75 1] 1 0 o 0
Hydro — High grade ransport 398 014 093 o 0.00 1] 1 ] V] 1]
Gas — Medium grade Iranspon 0.15 457 0.84 0,33 0.00 1] 4] 1 V] o
Wood — Medium grade iranspon 1.06 0.25 1.5 042 840 0 ] 1 o o
Coal = Medium grada iranaposi 0.8 023 1.03 9,42 0.00 0 0 1 o 0
Coal - Industrial heat 0.04 .01 oar 1.51 0.00 a Q 0 1 a
Ol =+ Industrial haat o.nz o.02 1.50 013 0100 Q aQ o 1 0
Gas — Industrial heat 0.03 1.57 0.06 0.02 0.00 0 Q i 1 I}
Wood — Indusirial hoal 0.03 0.03 018 0.03 3.0 0 0 o 1 0
Hydra — industnial hoat a7 oo . 003 0.01 0.00 0 Q o 1 a
Coal — Waler haaling 0.02 0.00 0.8 210 0.0 4] 4] a o 1
Qil — Waler haating 0.0z 0.02 1.713 0.15 0.00 o o o o 1
Gas — Waler haaling 003 1.81 oor 0.02 0.00 o o a o 1
Wood — Walar haating ooa 0.03 (U] 003 3.03 1] o Q o 1
Hydra — Water haating 058 0.0 0.06 0.02 0.00 o o 0 o 1
Coal =+ Space haating oo 0.0 010 2.16 0.00 ] o i ] o
Oil — Space hoating 0.03 - 0.03 187 017 0.00 ] 1] 4] 0 4]
(Gas — Space heating © 004 1.84 o.o7 0.02 0.00 o o 0 i} 0
Wood — Space healing 0.03 0.0a oar 0.3 2.86 o o a 1] o
Hydro — Space haating v D46 0.01 0.05 ool 00D o o a a o
Coal — Cooking 0.4 0,04 0.25 528 000 i) ] L] L 1]
Qil — Cooking o.o7 o.or 562 048 0.00 o o 0 a o
Gas — Cooking oo 516 0.07 020 000 o o [4] 4] 1]
Wood — Cooking . 008 0.08 0,46 008 T.69 o o 4] o o
Hydro — Cooking 209 0.04 o1 003 0.00 o 0 1] i} o
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Esumation of the qualicy of energy sources and uses

ng = 1, Fratio = 6.08, wood equivalents

my= 1, Fratio = 7.30, electical output equivalents

m, = 1, Fratio = 40.60, high grade transport equivalents
my = 1, Fratio = 18.87, medium grade transport equivalents
m, = 1, Fratio = 1.14, industrial heat equivalents

ms = 1, Fratio = 1.43, space heating equivalents

mg = 1, Fratio = 1.47, water heating equivalents
my = 1, Fratio = 12.58, cooking equivalents

Using the procedures outlined in the methodology section, these basic
models can be improved, and the criteria outlined 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 my = 1, my = 1 and
m,, = 1are unsatisfactory, as they are not significant at the p = 0.10 level.

Comment on results

The most important implicaticn 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 quality
coefficient, followed by natural gas and oil, 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 quality-based statistics and data should be of greater use in energy
planning and policy formulation, as they reflect the energy qualities of
different 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 commeon energy units. For example, all
outputs can be converted to hydroelectricity equivalents (using data from
the above example):

1MI of electrical cutput — 1.46 hydroelectricity equivalents

1MJ of high grade transport output — 3.71 hydroelectricity equivalents
1MJ of medium grade transport output — 3.06 hydroelectricity
equivalents

I1MJ of industrial heat — 0.59 hydroelectricity equivalents

1MJ of water heating — 0.66 hydroelectricity equivalents

Table 3. Results -- estimate of quality coefflckents for primary an.rarg]r Inputs an-d -Hu:lh't ﬁm mﬂp;lil.

Estimate of Standard

Coefficient coatficient® devigtion® f ratio Cuality ranking

n, Hydroslecncity 1.00P - - High quality input

n, Matrzlgas 043 0.06 659 Medium quality input
n, il 0.40 008 6.27 Medium quality input
n, Coal (-3 noa 4,73 Low-medium quality input
A,  Wood 015 003 448 Lo quality input

m, Elecincal outpa 1.45 0.25 582 Medium quality cutput
my High grade ranspern amn 03z 1126 High quality output
my  Medium grade ransgan 308 042 ) High quality outpist
m,  Indusinial heat 0.59 0.20 o Lo quality output
my  Waler heating 0.68 0.20 3.30 Levar qquality output

m, Spaca heatirg 0.65 0.20 330 Low quality cutput
m, Cecking 1597 027 7 Medium quality cutput

a
By definition,
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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:
1M of output
_ 3.7 hydroelectricity equivalent
~0.51 hydroelecincity equivalent MJ-1

=24.73 M)
! . _ GER of systems output
el energy rabo = K T eyetems Nk
'W.B. Ear, 'Methanol from wood in New
Zealand', in Alcohol Fuels, Institution of
Engineers, University of Sydney, Sydney,
Australia, 1978, pp 517-521.
M. Slesser and C. Lewis, Biclogical
Energy Resources, Spon, London, 1979,
Table 5.5,
#P.F. Chapman, ‘Energy analysis of
nuclear power stations', Energy Policy, Vol
3, No 4, 1975, pp 285298,
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IMJ of space heating —» 0.66 hydroelectricity equivalents
1M1J of cooking output — 1.97 hydroelectricity equivalents

[t is important to realize that this does not necessarily mean that 3,71 MJ
of primary hyvdroelectricity is required to produce IMJ of high grade
transport output. However, it does mean that any equivalent package of
primary energy equal to 3.71 hydroelectricity equivalents is required, to
produce 1 MJ of high grade transport output.'* Similarly, all inputs can be
converted to hydroelectricity equivalents (using data from the above
example):

IMJ of hydroelectricity — 1.00 hydroelectricity equivalents
IMIT of natural gas — 0.43 hydroelectricity equivalents

IMJ of oil = 0.40 hydroelectricity equivalents

IMJ of coal — 0.21 hydroelectricity equivalents

1MJ of wood — 0.15 hydroelectricity equivalents

It is important to realize 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
allows 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
modelling technique.

Discussion and review

Uses of dara 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
ratios™ 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 qualities,
For example, with many biomass energy production systems the energy
inputs are high quality energy resources (particularly electricity) and the
outputs 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.*? Therefore, particularly in countries such as New
Zealand where most consumer-level electricity cannot be converted back
to fossil fuel energy units, this leads to inflated net energy ratios when
conventional enthalpy units (AH) 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
{electricity) and the main inputs are medium quality energy resources
(fossil fuels).™ That is, in this case, if the net energy ratio is expressed in
conventional enthalpy units (AH), it 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, 1974, op cit, Ref 3. It is recom-
mended that for ‘developed or industrial-
ized economies’ the energy associated
with labour should not be considered.

M, Slesser, Energy in the Economy,
Macmillan, London, 1978. Slesser defines

" GER as "the sum of all ‘energy resources

expressed in enthalpy terms that had 1o be
sequestered from the earth’s non-
renewable resources of energy in order to
deliver a good or service to the point of
interast’, This definition therefore excludes
renewable energy rescurces such as solar
energy and hydroelectricity.

#These inpuls can also be crtical in
developed economies. For example, New
Zealand's economic growth depends o a
large extent on renewable energy
resources (hydroslectricity and solar
energy via  agricultural  production
syslems).

7).5. Steinhat, and C.E. Steinhart,
‘Energy use in the US food system’,
Science, No 184, pp 307-316, (sea Figure
).

“*Intrinsic” lo the system being considered.
Refer to the definitions in the Appendix.
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In a similar 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
efficient method or strategy for providing a given service, because the
technologies and infrastructures involved require different mixes of
primary energy of different qualities. By converting all forms of energy 1o
common quality equivalents, optimization techniques such as linear or
non-linear programming can be used to determine the most energy
efficient strategies or policies. Information gained from such procedures
should be useful to organizations and agencies concerned with investigat-
ing energy efficient or low energy futures, as the terms ‘energy efficient’
and ‘low energy’ tend to have somewhat nebulous meanings, unless all
forms of energy can be expressed in common quality terms.

Possible extensions of the technigue relevant to energy analysis

One of the major limitations and points of criticism of conventional EA is
that it does not take account of all energy resources (particularly solar)
and labour inputs.™ The approach has tended to take account of high
quality non-renewable resources™ and neglect lower quality renewable
energy resources. This approach is tc some extent justifiable in modemn
economies where such inputs are no longer significant in terms of sustain-
ing their high levels of economic growth. However, these inputs can be
critical, particularly in less developed economies and in less energy
intensive systems.*® In such circumstances it could be considered
appropriate to include labour and those renewable energy resources
which are usually excluded from the analysis. This can easily be done by
including these inputs as extra x variables in the regression model.

Coefficients for labour inputs could be expressed in terms of man-vears
per effective energy output. In effect, these would be an expression of the
energy equivalents of labour, such as those which are implicit in data
presented by Steinhart and Steinhart.*’

Preliminary considerarion of the technique’s use in energy analysis

By using the technique described in this paper, an intrinsic* value can be
placed on all forms of energy which are expressed in enthalpy (AH)
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 efficient use of current technology, which was used in the apph-
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 limitations, like any evaluation technique, including conven-
tional economics. As mentioned above, value is defined in terms of the
intrinsic efficiency with which an energy source is converted to a useful
output. Defining ‘useful’ has its problems as it is essentially a values
statement which has no meaning outside a given human values system.
Furthermore, there is often an indistinct boundary between what can be
considered a valuable or a wasteful form of energy. For example, is waste
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These economic ‘extenalities” are seme-
times ‘intemalized'  inlo  economic
analyses. Refer to AKX Dasgupta and
D.W. Pearce, Cost-Benefit Analysis:
Theory and Practice, Macmillan, London,
1972, (particulady Chapter 5).

*n a fundamental sense, time could be
considered 1o be a physical resource that is
always consumed, and canno! be created
or supplied from existing resources,
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heat emanating from household cooking appliances really *wasted™? [t
could be considered to be a useful form of space heating. However, by
using a series of working definitions, this definitional problem can at least
be in part overcome.

Like monetary values in economics, these energetic values do not
necessarily take account of environmental or social values.*® However,
by allowing for such things as ‘clean technologies’ such values can often
be implied in these energetic values. Another limitation of energetic
valuations is that they are particular to the structural mix of technology
which is assumed. However, this is not unlike economics, where
monetary costs depend on, amongst other things, the structural mix of
technologies which underpin a given production system.

Probably the most important limitation which this extended form of
E A has in common with conventional economics, is that energetic values,
like the monetary values, do not take account of the comparative long-
term value of stock and flow of energy resources. Neither economics nor
EA can reconcile, in terms of some intergenerational welfare function,
the possible requirements of future generations and the requirements of
the present generation for stock energy resources, which for all intents
and purposes are finite and depletable.

The author does not consider the use of energy as a unit of value to be
an arbitrary gimmick. Energy is considered to be a primary resource
which ‘drives’ all natural and economic systems. Furthermore, it is the
only physical resource,” according to the Second Law of Thermo-
dynamics, which is absolutely depletable. Material resources can always,
at least theoretically if not in practice, be manufactured, recycled or
re-used out of used or virgin materials by using energy. Therefore,
because of its fundamental nature in all systems, energy is often an
appropriate unit of value to use, particularly when considering the long-
term use and sustainability of physical systems.

Therefore, by using these common energetic values (quality
equivalents) in EA, its evaluative scope and potential should be
improved. However. it should be noted that, by definition, energy based
valuation techniques do not necessarily say anything about monetary
values. Nor do energy based evaluation techniques necessarily say
anything about the efficient or optimal allocation of financial resources,
and should therefore not be directly used for guiding such decisions.

Conclusions

The most impartant finding of this study has been that different primary
energy resources can be ranked in terms of their energy quality, using the
regression technique outlined in the article. Preliminary applications of
this technigue for the New Zealand situation, indicate that hydro-
electricity is the highest quality energy resource, followed by natural gas
and oil, then coal and finally by wood. By using quality coefficients for
these energy resources, conventional enthalpy based statistics and data
can be converted to quality equivalent terms. This has particular
relevance in improving the evaluative scope and potential of energy
analysis, but should also provide valuable information for energy
planning and policy formulation purposes. The technique is versatile and
flexible, as it can be used to estimate quality coefficients of any energy
resource for any economy or for any system.
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Appendix

Definitions

Primary energy inpus, Any given
economy is considered to have a
number of primary energy inputs, that
is, energy inputs into the 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
energy inputs, The primary encrgy
inputs in this study are expressed in
terms of their enthalpic values (AH), as
is normal practice.

Effective energy outputs. Any given
economy is also considered to have a
number of effective 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 it does not refer to the waste heat
which is lost to the surrounding
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environment. In any specific analysis it
is important that these effective energy
outputs be clearly defined. In this study
the effective energy outputs are also
expressed in terms of their enthalpic

values (A H).

Quality of primary energy inputs. This
is defined as the relative efficiency at
which a given primary energy input is
converted to effective energy outputs,
In this study it is expressed in terms of
common gquality units per unit of

enthalpy (AM) of primary energy
input,

Qualiry of effective energy outputs. This
is defined as the gross energy require-
ments (direct and indirect) of an
effective energy output, expressed in
quality terms. In this study it is
expressed in terms of common quality
units per unit of enthalpy (AH) of

effective energy outpur.

fnirinsic qualiry. This is the quality of a
primary input or effective energy out-
put which is intrinsic to a given
economy with its given structural mix
of technologies. These qualities are
independent of each other, and oniy
depend on the given mix of technologi-
cal structures and their operational
efficiencies, which are specific to a
given economy. By using the technique
described in this paper, these intrinsic
qualities can be mathemarically deter-
mined by analysing a gven set of
energy supplv-use pathways of that
given economy.

Qualiry equivalents (or common energy
units). These are common energy units
to which all primary energy inputs
(AH) and effective energy outputs
(AF) can be converted.
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