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Summary 

A method which can be used to perform a net energy analysis of a 

renewable energy technology is outlined. The reason for the analysis and 

the meaning of the results are discussed in the context of wave energy 

technology. Worked examples are taken from devices within the 1979 

U.K. Wave Energy Programme. Different devices within a technology can 

be ranked in an order of merit, based on the quantity of primary energy 

(mainly fossil fuels) input necessary to produce one unit of output energy. 

An Appendix is attached containing a data base of gross energy requirements 

of materials and products which are especially relevant to wave energy. 
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Units 

Metric units are used throughout this paper. The unit of energy 

used is the gigajoule (GJ) where: 

1 GJ = 277.8 kWh = 9.48 therms 

l GJ = 1000 MJ = 109 J 

The use of the joule and multiples of the joule is accepted practice 

in the field of energy analysis (IFIAS, 1974). Suffixes are used to 

differentiate between the types of energy measured. Primary energy, 

as defined in Section 2, is given the suffix 't', as in GJt and 

electrical energy is given the suffix 'e', as in GJ. 
e 

Weights are measured throughout in tonnes, as the scale of wave energy 

technology precludes the use of smaller units. 

1 tonne= 1000 kg = 0.9842 UK (long) ton, = 0.9072 US (short) ton 

Gross energy requirements of materials and products in Appendix 1 

are given in terms of gigajoules (primary) per tonne, where: 

The latter unit is frequently used in the energy analysis literature 

(IFIAS, 1974). 



1. , Introduction 

This paper is intended to be a straightforward guide to performing an energy 

analysis on a renewable energy technology, explaining the methods and problems 

along the route. 

within a system. 

Energy analysis is an attempt to quantify the energy flows 

In this paper we use the technique known as. net energy 

analysis, which looks at the conventional fuels used to build and maintain 

a renewable energy technology and compares this energy input with the 

energy output from the technology. Wave energy systems are used throughout 

as an example of a renewable energy technology, although the methods could 

apply equally to wind or tidal energy systems. 

The application of energy analysis to wave energy systems have been carried 

out at Sunderland Polytechnic since 1976. During this period the published 

data base used for energy analysis has expanded tremendously which, when 

combined with the maturing technology of wave energy systems, has enabled 

the energy analysis to become both more consistent and more detailed. 

Energy analysis has now become an important factor in the overall decision 

making on wave energy. It is, however, only one of a whole host of economic 

social, political and environmental factors which are involved when making 

decisions about the development of any energy technology. Because of the 

increasing interest being shown in the application of energy analysis to 

wave energy systems, this guide has been produced in such a way that 

interested people, such as designers, device team members or decision makers 

can perform their own energy analysis on the particular item, device or 

system which is of interest to them. 



2. The Purpose of the Energy Analysis 

This paper is concerned with performing an energy analysis on a 

renewable energy technology, namely wave energy. Energy analysis has 
been used in a number of situations as an analytical tool. The most 
widely practiced use of energy analysis is in determining energy 

flows in industrial processes. These studies can be used for example, 

to select and analyse a variety of energy conservation options (Energy 

Audit Series, 1978-80; Boustead and Hancock, 1979) Energy analysis 

has been used to determine the effect of materials recycling and metal 

ore grade on the energy requirement. of materials (Chapman, 1973, 

a, b, Chapman, 197:a). It has also been used to determine the energy 

flows from solar energyand fossil fuel energy in food production 

(Leach, 1976). 

One of the major interests of recent energy analyses has been that of 

energy supply options. Various authors have studied the primary energy 

input required to produce a variety of fuels (Chapman, Leach and 

Slesser, 1974) and others have studied primary energy use by a selection 

of different consumer technologies (Development Sciences Inc., 1977). 
There have been numerous energy analyses performed on particular energy 
supply options such as nuclear power stations (Chapman, 1975, b, 

Mortimer, 1977) nuclear fusion reactors (Mortimer, 1981, a), oil 

production (Hemming, 1975) wind power systems (Dixon and Lowe,1981) 

wave power systems (Harrison, Jenkins and Mortimer, 1989, , Harrison, 

Jenkins and Mortimer, 1981) and tidal power systems (Harrison, Smith 

and Varley, 1980). Many other examples can be found in the literature. 

For the energy analysis of energy supply technologies there are some 

basic ground rules which must be followed in order to obtain answers 
to -tne particular questions asked. Many of these questions r61olve 

around the current interest with depletion of the fossil fuel resource 
base. Particular interest is focussed on how well each energy 

technology performs in converting this fossil fuel resource base into 

a useful form for final consumption o 

The depletion of the total energy resource base is measured in terms 

of primary energy. This primary energy is measured at the point of 

initial production, before any further processing. In the case of 

coal, this point would be at the coal face. The primary energy 

embodied in a delivered fuel is a measure not only the heat content 

of the fuel, but also the primary energy required from other fuels used 



in extracti_ng and processing it into a marketable form. 

Much current interest concerns. the fossil fuel resource bas.e, "Which. 

refers specifically to coal, oil and gas as commodities for which_ 

alternatives are being sought. However, primary energy refers 

not only to these fossil resources hut also to hydroelectricity and 

nuclear energy, which. can be converted into traded fuels. The latter 

make up only a small proportion of the total U .K. primary ene_rgy 

supply. Thus primary energy gives a measure of the depletion of 

the total energy resource base, which is slightly larger than the · 

fossil fuel resource base in the current U.K. situation. 

The energy inputs to a 'renewable' energy technology such. as 
wave energy come in two distinct forms. The first is. the energy 

in the waves which is intercepted by the device. The s·econd is 

the primary .energy input which has been used to build, operate 

and maintain the wave energy device. There are a numher of 

comparisons which can be made between the energy inputs and the 

energy output from the devices. 

Once such comparison is between the energy output and the wave energy 

input. This is the commonly used engineering ·efficiency of the 

device. This is a measure of how efficiently the natural energy 

resource is being converted into a useful form. It can he used 

to determine which renewable energy device will make the best use of 

the natural energy resource available. It does not address the 

problem of fossil fuel resource usage by the 'renewable' energy 

technology in producing the energy output. For a conventional 

energy technology, such as a coal-burning power station, this number 

would represent the thermal efficiency of the power station. It 

does not include any measure of the energy used to mine and 

transport the coal, build and maintain the coal mine, power station 

and transmission system. But the engineering efficien::ycan he 

used to determine which particular power station technology will use the 

mined coal most effectively in generating electricity. 



) 

In the case of a wave energy system, another comparison can be 

made between energy outputs and. inputs. This comparison, known 

as gross energy ·analysis compares the energy output, in terms of 

electricity and the energy input in terms of the wave energy plus 

the primary energy input used to build and maintain the system. 

Thus all the energy inputs to the wave energy system are measured 

and the area of interest is larger than that of purely the 

engineering efficiency case above. This area of interest now 

includes the energy supply industries, the civil, mechanical and 

electrical engineering industries and the myriads of other 

companies supplying goods and services to the 'renewable' energy 

system, as well as the energy in the sea itself. In an extreme •.•. 

example of all the energy inputs to build, maintain and operate the 

system coming from other wave energy devices, the gross energy 

analysis could then be used to determinethe total energy efficiency 

of the whole system. This would be a measure of how well the wave 

energy resource base is being utilised. In the present energy 

supply system, the gross energy analysis is a measure of how well 

the total resource base, both wave and fossil, is being used by a 

technology. For a 'conventional' energy conversion technology 

such as a coal fira:ipower station, the gross energy analysis will 

give a measure of the total fossil fuel resource base used up in 

producing electricity. Thus if one wereto ask the question "do 

wave energy systems use up less fossil fuel resource than coal 

fired power stations?" it could be answered by performing a gross 

energy analysis on both technologies. 

A third comparison which can be made for a renewable energy system 

is between the energy output and the primary energy input (mainly 

fossil fuels) used to build, operate and maintain the system. 

This is known as net energy analysis. It can, for example, be 

used to answer the question 'Which renewable energy device or 

technology makes the best use of fossil fuel resources in producing 

its energy output?•· Thus net energy analysis can be used to 

provide an indicator of the order of fossil fuel use per unit output 

for different devices within a particular renewable energy technology, 

for example wave energy. It can be used to distinguish between 

different renewable energy options such as wave, wind and tidal power. 

The indicator used in this paper is known as the net ·energy requirement 

which is the primary energy input per unit of electricity output. 

This is dealt with in more detail in Section 14. 



Net ene.rgy analysis can also be used when studying conventional 

ene.rgy technology, such as a coal-mine & coal fi:red power stati.on 

system. It gives a measure of the non-fuel energy· flows used to 

build and maintain the system, thus it does not include the flow- of 

coal as fuel to the power· station. Net energy analysis is a 

useful indicator for new energy technologies at an early stage in 

their development. Cases which. fall into the non-renew.able category 

are: tertiary oil recovery, oil shale and tar sands exploitation, 

deep ocean oil wells and synthetic oil and synthetic natural. gas 

production. 

The problem now in our study of a renewable energy technology is 

to quantify primary energy inputs to the system, sum them and 

compare this total primary energy input with. the energy output on a 

consistent basis using the techniques of net energy analysis. 



3. Limits of Energy Analysis 

We can look at, say, the structure for a wave energy device and 

determine all the energy inputs which go into making it, For the 

prestressed, reinforced concrete structures common amongst wave 

energy devices we must look into the ener~y required to produce the 

cement, steel, the concrete mixers and batchers, the steelworks, the 

on-site energy use, the machine tools used for producing the wheel

nuts on the dumper trucks and so on·~ How do we sort out the 

important inputs from the trivial ones? 

Where do we draw the system boundary? 

How do we know when to stop? 

These problems were addressed early on by the practitioners of energy 

analysis, and a set of conventions was agreed by which energy analysis 

can be performed consistently . (I~IAS, 1974). The IFIAS Convention 

embodies the concept of l~Y~ls of energy analysis. For the wave 

enerQy device structure these are illustrated in Figure 1. This shows 

how a pyramid of processes are needed to build a device, or in. fact to 

produce any item in an industrialised economy. 

Level 1 Direct (or Process) Energv Requirement 

This deals with the amount of energy used on site to produce the 

article in question. In the wave energy case this will be the fuels 

used to mix the concrete, move the sections around, jack the prestressingf _ 

pump the grout etc. 

This is the site managers view of energy use in construction. It is 

the diesel fuel, electricitY, oil and gas that he buys in, and which 

he pays for directly, that he would consider his 'energy input', 

However, direct energy use on civil engineering sites has been shown 

not to be the major input to the gross energy requirement of large 

construction projects (Varley and Harrison, 1977), 

For a variety of different industrial products the contribution that 

this process or direct energy input makes to the total ener~y input 

varies with the product studied, For an example, from the Energy 

Audit of the Engineering Industries (PERA, 1978), the process energy 

requirement as a proportion of the gross energy requirement is only 

5% for food cans and 53% for socket screws respectively. 



fi,gure 1 IFIAS Conventions Applied to Wave Energy Device Construction 

I,,evel 1 

Device y On Site 
Construction Energy 
100% • Use 6.3% 

I I I 

·-
Level 2 

I -
I 

Shuttering Aggregate Cement Reinforcement Prestressing Epoxy Resin 
Materials Winning Manufacture Manufacture Manufacture Manufacture 
5% 2.57. (Direct 29,4%) 33% 9.7% 2·,S 

l 1 1 l 1 J ' ! 1 j 
-- -- --

Level 3 

Facility Cement Construction 
Construction Rliw Materials Machinery 
4.37. (Direct O. 27.) Manufacture 

6.2% 

l l I l 
-- -- --

Level 4 

Ce~nt Works Quarrying Cement Works · 
Building Machinery Machinery 
1% Manufacture 1% 

(NEG) 

I I limit of this analysis 
., 

--· --· -- -- --
I I Level 5 

Cement Steel Machine 
Works Works Tool 

Manufacture 

*' Percentage represents proportion of ~otal energy requirement at that stage. 



Level 2 Final Materials Manufacture 

At this level the energy inputs used to make the materials 

subsequently used in the main process are included. This includes 

the process energy requirement of cement manufacture, the manuf

acture of steel reinforcing bar and prestressing wires, and the 

direct energy input to manufacture the minor components such as 

ducting, grout, anchorages, epoxy etc. The winning of the aggregate 

for the concrete is also included at this stage. Transport energy 

used to move these materials to site is also included. 

This level makes up the majority of the indirect energy inputs to the 

overall gross energy requirement of most industrial products. 

In the wave energy case the majority of the energy input to the 

structure comes from the contributions made by the cement, reinforcing 

bar and prestressing steel. This energy is not used on the construction 

site but has already been 'spent' in the cement works and steel works, 

in the form of coal, coke, oil, gas and electricity used to fuel the 

blast furnaces, rolling mills, cement kilns, grinding plant etc. 

This information is well documented in the energy analysis literature. 

(Jenkins, 1981; : ·. -··: ; Roberts, 1978; Boustead and 

Hancock, 1979; Energy Audit Series 1 - 11, 1978 - 1981). 

Level 3 Raw Materials and Capital 

This deals with lower level indirect energy inputs. Winning the raw 

materials used in cement manufacture (clay, shale, limestone and chalk) 

and in steel making (iron ore, limestone, manganese etc.) is alloted an 

energy requirement here. 

The capital equipment needed to construct the wave energy device is 

also included at this stage. Such items are concrete mixing and 

batching plant, craneage, mechanical handling equipment 

and other items of construction equipment. The provision of the 

construction facility in terms of site levelling, bund wall construction, 

dock gates, workshops and roads are also considered. This section, 

therefore, includes mainly those items considered as 'Preliminaries' 

in the civil engineers' Bill of Quantities. 



Level 4 

This is the 'machines to make machines' level, which would include 

say, the manufacture of the machinery needed to make the items of 

capital equipment in Level 3. The capital equipment needed to build 

the steel works and cement plant are included here, using some 

apportioning convention relating to the tonnage used in device 

manufacture. 

This level usually contributes little to the overall energy input. 

It is sometimes below the 'noise level' of data available for the 

energy contributions to higher levels. (IFIAS, 1974). It is 

included in this study because most available studies for the gross 

energy requirements of materials in Level 2 now include some estimate 

of the capital energy requirement involved. This is due to many 

thorough energy analysis of materials and products having been 

performed since the IFIAS Conventions were formulated. Thus a 

higher level of accuracy is available, with a consequently reduced 

'noise level'. 

Level 5 

This is a very detailed level which is not addressed explicitly by 

our study. Contributions from items at this level are a very small 

proportion of the total energy input. For example, from figure 1. 

the cement works building in Level 4 embodies 1% of the total energy 

used in device construction. Cement used in construction of the 

works in Level 4 must have been produced at another Gement works in 

level 5. The energy used in this second works probably amounts to 

about 20% of the energy input to the building of the first works. 

Thus the second cement works probably ~ontributes about 0.2% of the 

total energy input to wave energy device construction. The energy 

used at Level 5 is included in the energy information at Level 4, and 

thus nothing has been missed out or neglected, the information is lower 

levels is just too detailed to be of use in an analysis such as this 

which can contain up to 100 items in Level 2. 

Thus it can be seen that, at lower levels, the volume of information 

necessary to obtain energy inputs increases tremendously, whilst the 

contribution these make to the total energy input decreases rapidly. 

So there is some cut-off point at which the extra complication is 

not worth the extra accuracy achieved. This is by no means unique 

to energy analysis as most estimating and ·Costing involves having 

'sundries' and 'contingencies' to cover very small items of expenditure. 



4. Process Analysis 

The accepted method of obtaining the gross energy requirement (in GJt/tonne) 

of an item is to use a process analysis. This is a study performed on a 

particular product of a particular factory, using factory records of fuel 

consumption and material flows, installed machinery and transport costs. 

To perform a process analysis the energy analyst traces all the energy inputs 

which go into the manufacture of the product through the levels discussed 

in the previous section, and transforms these into primary energy terms. 

A typical flowchart for a process analysis is shown in Figure 2 concerning 

the production of aluminium extrusions. This chart deals with the direct 

process fuel used and the materialflowstotre process both of which can be 

obtained from factory records or direct measurement. The direct fuel used 

must be converted into primary energy terms to give the level 1 (direct) 

energy input. The materials flows are traslated into energy terms by means 

of the existing data base of the gross energy requirements for the input 

materials (see Appendix 1) to give the level 2 input, which must also include 

the transport of these materials to the factory. The capital energy 

requirements at level 3 is assessed, where possible by reference to other 

studies of the energy requirements of the machinery used. The smaller inputs 

at level 4 are where possible, derived from other process analyses. If 

this data is not available the energy analyst must have recourse to energy 

intensity data derived from national production statistics. This is only 

used as an order of magnitude indicator for very small inputs because of its 

highly aggregated nature (see Section 5). 

Further discussion on the use of process analysis can be found in Boustead 

and Hancock 'Handbook of Industrial Energy Analysis' 1979. 



Figure 2 An Exa~le of a Process .Analysis Flowchart Taken From 

Energy Audit (No. 6) 'The Aluminium Industry' 
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5. Energy Intensities 

Lower level inputs to the process analysis can be determined by using 

energy intensities which are derived from national statistics of 

industrial energy consumption. These energy intensities are given 

in terms of primary energy input per unit value of output (MJ/E), for 

each industry. They cover both direct and indirect energy inputs. 

The. most complete British study to date, dealing with the U.K. 

economy in 1968 (Casper, Chapman and Mortimer, 1975) covers 153 

separate industries. In some cases where data was available, separate 

products of each industry were dealt with. In general, however, only 

the aggregated energy input and money output of each industry is 

available to give its energy intensity. 

As an example, from the Energy Analysis of the 1968 Census of 

Production (Casper, Chapman and Mortimer~ 1975) we could look at the 

Electrical Machinery Industry · which has an overall energy intensity 

of 221 MJ/E (1968) (Mortimer, 1981 b). This industry produces a 

whole host of diverse machinery, from 1/10 th horsepower electric 

motors through to SOO MW turbo generators, covering transformers, 

reactors,traction motors, switch and control gear, in 763 establishments 

(in 1968) having 167,000 employees in total (ERA 1977). Giving a 

single energy intensity to such a diverse base can only give a first 

approximation to the actual gross energy requirement of any particular 

product. 

There are other problems which also need to be borne in mind when 

using energy intensity data: 

i) Out of date information. This refers to using information 

collected in 1968 to apply to the industries of 1981. Because 

of the way the information is collected, energy intensity data 

can never be right up to date. However, some work is in 

progress on the 1974 Census of Production (Mortimer, 1981 b). 

There are two effects that cannot be enumerated using historical 

data: 

One is the change in energy input within say, an industry which 

is still producing the same product now as it was in 1968. 

This is especially relevant since 1968 because the massive 

increase in the use of natural gas in industry, and the slump 

in coal use has led to a large change in the primary energy 

input to manufacturing industry. The other effect is the 



change in the products themselves. A study of ' the 

'Electronic Computers' Industry for 1968 will not provide 

the energy intensity of a pocket calculator or a micro

processor, because these are products which have appeared 

in the 1970's. 

ii) Inflation, and especially differential inflation between 

industries must be carefully incorporated into results when 

using energy intensity data. The usual practice is to add 

a suffix to the energy intensity indicating the date for 

which it applies (i.e. MJ/£ (1968) ~ Such inflation data is 

available in national statistics. A thorough treatment of 

these uses and difficulties can be found in 'The Use of Energy 

Intensity ~ultipliers' (Mortimer 1981 b). 

Energy Intensities therefore must be used with care, usually they are 

used for small, lower level inputs in cases where data from process 

analysis is unobtainable. 



6. Performing an Energy Analysis 

We have now covered why we do energy analysis, how far we take it and 

whether we do it using a physical, process analysis or using money

based energy intensities. 

The sequence for performing an energy analysis on a 'renewable' 

energy technology such as wave energy conversion is given in the 

following sections: 

Section 7: gathering together the data on the technology, 

Section 8: collecting relevant energy requirements and energy 
intensities, 

Section 9: calculating the initial energy inputs, 

Section 10: determining the number of devices in the scheme, 

Section 11: applying component lifetimes or maintenance needs, 

Section 12: calculating the annual energy input, 

Section 13: finding the annual energy output, 

Section 14: calculating the net energy requirement and/or energy ratio, 

Section 15: interpreting the results. 



7. Gathering Together the Data 

The answers you get out of an energy analysis are only as good as 

the numbers put in! Collecting the data is usually the most time

consuming part of the energy analysis, as it usually concerns 

sifting through masses of published information to obtain relatively 

small amounts of relevant data. In the case of wave energy, this 

information is only, at present, available to groups which are under 

contract to the Wave Energy Steering Committee, or who have under

standings with the latter. Unfortunately much of the useful raw 

data has been processed before. it is published, so contacts with 

dwiceteams and consultants are necessary to reveal the original 

quantities. 

The energy analysis for each wave energy device is usually based on a 

'snapshot' of the device at a particular stage in its development. 

Rapid changes in design do take place, so we need to be sure of having 

a set of consistent information which refers to one particular design. 

Ideally, we would like to have detailed physical informati~n on each 

component of the whole scheme. However, this is not always available. 

so often the physical data required must be calculated from related 

information. Quantities are also taken from drawings of the device 

and subsystems if necessary. These figures can often be checked in 

communication with the device team. 

importance of the item under study. 

This depends on the relative 

The initial data on physical quantities, usually weights, volumes 

and ratings, is gathered together on General Data Sheets, an example 

of which is shown in Figure 3 for the Lancaster Flexible Bag (1979) 

wave energy device. Throughout the rest of this paper we shall use 

the same device to illustrate the energy analysis. For an example 

of the progress of the energy analysis from a single component to 

the whole system we will take the "Louvre valve vanes" which control 

the air flow between the flexible bag and the air ducting to the 

turbines (Wavepower Ltd., 1979). These vanes are manufactured from 

extruded aluminium alloy. There are 9 vanes per valve, and the 

vanes weight 36.7 kg each. Thus the weight of vanes per valve is: 

9 X 36.7 kg = 330 kg. 



Figure 3 An Example .of a General Data Worksheet 

DEVICE LFB ------------- TYPE Top Duct Concrete 

SHEET 4b 

GENERAL DATA WORKSHEETS 

DATE 6. 10 .80 

VALUE LIFETIME 

ITEM SOURCE 

LOW MODAL HIGH RANGE 

2. Mechanical Eg ui Emen t . Per 
Device (To Power Take-Off) 

2.2.1 Louvre Valve Vanes 20 years WPL FigL9 
WPL Ll06 

No. of vanes/valve 9 RPT p20 
material extruded WPL Ll02 

aluminium fig L37 
alloy (NEl ) 

Chord each 750 mm WPL L88 
skin thickness 4.7 mm WPL L88 
weight per valve . 330 kg ~'1PL Ll02 
weight per device 11.88 t calculated 
cost £3/kg WPL tl02 

- 2.2.2.1 Vane Sealin8 StriEs 
Material Rubber 
weight per device 1. 75 t estimate 
sealing strips & linkages from belo~ 
cost per device £900 
say cost ~ealing strips £450 assumed 

II linkages £450 

2.2.2.2 Valve Linkages st·eel calculated 
Weight per valve . .. l 07 kg from DRG 
weight per device 3.86 t CP /DC/26:3 

2.2.3 Valve Frames Steel RPT p20 
weight each . 0.4 t WPL Ll02 
No. of valves per device 36 ' 

WPL Ll03 
Valve Area (Ideal) 14 m2 WPL Ll3 
Valve Area Discharge 4.4 m2 (LancastEr 
Valve Area Suction 5.5 m2 l-lPL L86 

) 

WPL L87 
Cost £1000/t WPL Ll02 
Weight Per Device 14.4 t Calcu tt, tEd 



There are 36 valves per device, thus the weight of vanes per 

device is: 

36 x 330 kg= 11.88 tonnes 

This sort of simple calculation is repeated for every component 

used to build the whole system, until a complete weight breakdown 

of the device is obtained. Often much of this information is not 

known by device teams, because they obtain costings direct from 

manufacturers,and information on weights etc., may not be necessary 

in their specification. Therefore much of this weight breakdown 

must come from calculations performed by the energy analyst, using 

dimensions from drawings supplied by the device teams. 



8. 

8.1 

Energy Requirements 

In order to perform an energy analysis, 

requirements must be built up. 

a data base of energy 

Appendix 1 of this paper contains a selection of energy requirements 

for materials and components found in wave energy systems. Many of 

these are general to any renewable energy technology, but obviously 

there are some values which will be particular· to the technology 

under investiga~ion. For example, wave energy will involve a large 

variety of operations at sea such as towing, piling, dredging etc. 

Solar cell technology will involve high levels of purification, high 

vacuum technology and very accurate machinery. 

For an example of the method used to determine the gross energy 

requirements of a material, we can use the aluminium valve vanes for 

the Lancaster Flexible Bag discussed in the previous section. 

Example: The Energy Requirement of Aluminium Extrusions 

Information to determine the energy requirement of aluminium extrusions 

comes from a variety of sources. Mortimer (1981a), has determined 

the energy requirement of aluminium ingot using the 1977 U.K, mix of 

primary and secondary aluminium production, The balance in 1977 was 

63% primary aluminium and 47% secondary aluminium, contrasting with the 
... - - -· ---- - -- - -- ------·-
balance in 1968 of 16?, primar~ and 84% secondarv: aluminium, This change 

has come about by the opening of new aluminium smelters in the U,K, 

between 1968 and 1977, 

The primary energy requirement for primary (virgin) aluminium from 

45-50% Al203 bauxite ore using the Bayer and Hall-Heroult processes 

is: 3)2 GJ_t/tonne_* (Chapman, 1973a) and the primary energy to 

ob tain····;;~~~dary. aluminium ingots from a typical mixture of new and old. - · 



scrap is 11 GJt/tonne. 

Thus, using the balance for 1977, the primary energy requirement 

for the average aluminium ingot is (Mortimer 1981a): 

(0.63 X 312 GJt/t) + (0.47 x 11 GJt/t) 

= 202 GJt/tonne 

The energy requirement of aluminium extrusions is shown in the flow 

chart Figure 2 taken from Energy Audit No. 6. 'The Aluminium 

Industry' (Energy Audit Series, 1979). However, this publication 

used a general energy requirement for aluminium ingot of 250 GJt/tonne. 

So, replacing this with Mortimer's more recent figure of 202 GJ/tonne 

the energy requin!ments are as follows: 

Energy Requirement of Aluminium Extrusions 

1.05 tonne aluminium ingot per tonne extrusion= 212 GJ/t extrusion 

0.35 tonne aluminium scrap per tonne extrusion= 'oome scrap' convention* 

remelt, cast. saw, preheat, extrude reheat 

space heat and services at 10% of above** 

TOTAL 

= 26.4 GJ/t extrusion 

= 2.6 GJ/t extrusion 

= 241 GJ/t extrusion 

This process is repeated for every material involved in the manufacture 

of wave energy devices, and many results are shown in Appendix 1, 

taken from a wide variety of sources. 

* The scrap convention used here allots a zero energy requirement 

t9 'home' scrap. 

** It is assumed that this figure includes the capital energy 

requirement for the extrusion machinery. 



9. 

9.1 

Initial Energy Input 

We are now in a position to determine the initial energy input to 

build and equip a wave energy device. We have collected together 

the relevant data on masses of materials, ratings of machinery etc. 

We have acquired a data base of energy requirement for these materials 

and items. 

These are now combined in a methodical manner on initial energy 

requirement sheets such as that shown in Fig. 4. These are 

produced for each subsystem of the wave energy device, including 

mooring and power transmission. 

Example: Initial Energy Requirement of Aluminium Valve Vanes 

For our example of the aluminium valve vanes the procedure is quite 

simple. The initial energy input to the deviee contributed by the 

valve vanes is equal to the product of the weight of valve vanes per 

device (in tonnes) and the gross energy requirement of their manuf

acture (in GJt/tonne). In the case of these extruded aluminium 

items it is assumed that scrappage losses are negligible at the 

assembly stage and that assembly itself is carried out manually. 

Thus the initial energy input of the valve vanes per device (modal 

value) is: 

11.88 tonnes of extrusion per device x 241 GJt/tonne 

= 2863 GJt per device 

The range expected on this value would be 10%. This process is 

repeated for each item in the subsystem to give the initial energy 

input of the valve assemblies: 

= 4277 GJt per device 

within the range 3850 to 4700 GJ (i.e.~ 10%). 

These three values are known as the 'modal', 'lower' and 'upper' 

values respectively. The latter represent the extreme bounds 

considered likely, and as the calculations progress these extreme 

bounds become wider to reflect the range of values possible. . This 

calculation of the initial energy input is . repeated for all subsystems 

1.n the device. If required, all these initial energy inputs can then 

be summed to give the initial energy input per device. This tells you 

the amount of energy which will be used before the device produces a 

single kilowatt of power. However, it takes no account of the 

maintenance requirements and component replacement during the expected 

economic lifetime of the device. ; 
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10. Number of Devices in a Scheme 

In the case of wave energy systems multiple numbers of devices are 

required to build up an eventual 'power station'. The rating of 

such a station has been redefined recently (Andrews 1981) as a 

scheme having 2000 MW (2GW) rating, which produces this maximum 

output for at least 450 hours per year. However, for the 1979 

device used in this example the size of scheme was defined purely 

as one having a rating of 2000 MW. This definition enabled the 

power-collection and transmissi~n scheme to be standardized for all 

8 devices in the programme. For the Lancaster Flexible Bag 1979 

Reference Design the number of 4.6 MW devices in the 2GW scheme was 

435. (Rendell, Palmer and Tritton, 1979). 

Thus the initial energy input per scheme can be found by multiplying 

the initial energy input per device by 435. 

For our example: 

Initial energy input per scheme for valve vanes(modal value) 

= 1,245,400 GJ/scheme 

For the valve subsystem, within which all components have the same 

lifetime (see Section 12), these individual contributions can be 

summed to give: 

Initial energy input per scheme for valve subsystem 6Dindal val\le) 

or 

= 4277 GJt/device x 435 devices/scheme 

~ 1,860,500 GJt/scheme 

1.86 x 106 GJt/scheme 

This result is placed in the second (modal) column of Fig. 5, which 

is the Annual energy input sheet. This again is repeated for all 

items in the scheme for modal, lower and upper values. 
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11. Component Lifetimes and Maintenance 

The subject of component lifetime and maintenance can be approached 

in two ways: 

i) the lifetime of each component within the whole system is 

accounted for, individually1 to give the final result. 

The energy input for maintenance and servicing is treated 

as a separate subsystem, excluding any replacement parts, 

ii) each component is allotted the system economic lifetime 

(i.e. 25 years ·.in this case) and an allowance is calculated 

for the maintenance and replacement of each component, 

usually expressed as a percentage of the total energy input. 

Approach (i) is used here, but device teams are beginning to favour 

approach (ii) since maintenance has begun to be investigated system

atically (EASAMS, 1981). 

Lifetimes of components are shown for our example on the Annual 

Energy Input Sheet, Fig. 5. The valves are allotted a mean lifetime 

of 20 years, with a long lifetime of 25 years and the shortest 

expected lifetime of 15 years. (Wavepower Ltd., 1979). These 

lifetimes are expressed as a reciprocal to help comrehension: a 

short lifetime for a component means that more energy will be needed 

over the system economic life Lhan if that component had a longer 

lifetime. 



12. Annual Energy Inputs 

There are two ways of expressing the overall energy input to the 

scheme: 

i) In equal annual amounts. In this case the contribution made 

by each component to the energy input over one year of life 

of the scheme is determined. The output of the scheme is 

usually expressed by device teams and consultants in a similar 

manner, on an annual basis. 

ii) In terms of the lifetime energy input. (Dixon and Lowe, 1981) 

All inputs to the scheme are summed over the scheme economic 

lifetime, which in the case of wave energy sys terns is 25 years. 

However, the annual energy output must be multiplied by the 

same economic lifetime for comparison. 

Both cases are valid, but case (i) is chosen for this study, as it 

gives more manageable results which do · not rely on the whole scheme 

being scrapped after the economic lifetime. For example, the 

structural life of a bottom standing device may be chosen as 60 years, 

thus, if the scheme··continues to operate over this period, obviously, 

with replacements of shorter lifetime components, the annual energy 

input from the structure will be l/60th of its initial energy input. 

Neither of the cases above take into account the real pattern of energy 

use and return, which could only be dealt with by carrying out what 

is known as 'dynamic energy analysis' (for example Chapman, 1975b). 

In the wave energy case, most of the energy will 

be used by the steel, cement and manufacturing industries before 

materials are delivered to the construction site, whereas the full 

power output may not be delivered from the devices for several years. 

However, by using the case (i) technique a steady state view point 

is attained at some stage in the mid-life of an ongoing scheme. 

To go back to our example, on the Annual energy input sheet, Fig. 5. 

From Section 10 we determined that ; Initial energy input per scheme 

for the valve subsystem: 

= 1, 860,500 GJt/2GW scheme 



13. Energy Outputs 

The expected energy outputs for each different wave energy device 

are based, where possible, on the results of the consultants 

productivity model (RPT,1979). These outputs are determined by tank 

testing scale models ot the devices in a wide variety of model 

seas, corrected £or power chain efficiency, directionality of 

device capture and other £actors. 

The results are expressed in terms of electrical power delivered 

to the National Grid at Perth in Sco:tland, from a 2GW rated scheme 

centred on South Uist in the Outer Hebrides. An illustration of a 

Productivity Breakdown is shown in Fig. 7 based on the 1979 Lancaster 

Flexible Bag design (Rendel, Palmer and Tritton, 1979). 

The annual mean power delivered to Perth is expressed in GW 

(continuous). This can be converted to the annual energy delivered 

to Perth by multiplying by the number of hours in a year (8670 hrs); 

thus l GW (continuous) • 8760 Gmle 

a 8.760 x 109 kWhe 

This can be converted to gigajoules (electrical) by multiplying by 

the number of GJe in a kWhe i.e. 

1 kWhe • 3.6 x 10-3 GJe 

Thus the conversion factor from l GWe (continuous) to GJe 

1 GW (continuous) • (8.76 x 109) x (3.6 x 10-3) 

• 31.54 x 106 GJ~ 

Thus from the Consultants Report (Rendel, Palmer and Tritton 1979) 

the following annual energy outputs can be derived, £or the mean 

case , 

0.48 GW(cont) x (31.54 x 106 ~:( )) • 15.100 x 106 GJe 
uw cont 

This can be repeated to give the upper and lower (95% confidence level) 

bound:·· ·energy outputs as shown in Fig. 8. 
I 

It is clear from the above discussion that the energy analysis 

usually concentrates on the energy inputs. This is because, at 

least in the case of wave energy, the energy outputs are determined 

in the course of the normal engineering development of a renewable 

energy technology. 



From Section 11, we determined that the lifetime of the valves would 

be, on average
1
20 years within a range from 15 to 25 years. 

Thus the modal (most likely) annual energy input for the vatve 

subsystems per scheme will be: 

6 1 3 
1.86 x 10 GJ/scheme x 20 yr = 93.0 x 10 ~~ .. /lf- ~ 

This is repeated to give the lower bound of annual energy input, 

6 1 3 
1.674 x 10 GJt x 25 yr = 67 .O x 10 GJ/yr 

which is the lower bound of initial energy requirement per scheme 

divided by the longest lifetime expected. Similarly the upper bound 

value is: 

2.046 x 10
6 

GJt ·x 1~ yr = 136.4 x 10
3 

GJ/yr; 

These three values, the 'lower', 'modal' and upper' represent the most 

optimistic, the most likely and the most pessimistic cases for the 

annual energy input to this subsystem. The upper and lower bands 

give a simple, if rather wide, view o·f the energy inputs, and are the 

result of multiplying extremes in value together. For a more comprehensive 

analysis, one could use statistical confidence levels to define these 

bounds. 

The information for each subsystem can now be. grouped together for 

convenience. This grouping is usually done to conform with the device 

teams nomenclature, and for ease of manipulation in further calculations. 

Thus the valve subsystem is grouped under 'Other Mechanical Equipment'. 

The annual energy inputs for 'Other Mechanical Equipment' is now deter

mined by summing the input from the valve subsyste~ the damage control 

system and the auxiliary systems. 

Thus for the modal case, the annual energy input for 'Other Mechanical 

Equipment' 
3 3 

= 93.Q X 10 + 88.9 X 10 
3 

= 242.7 x 10 GJt/year 

3 
+ 60.8 x 10 GJt/year 

An 'Annual Energy Input Summary Sheet' Fig. 6 can now be built up based 

on these values for each subsystem or group within the wave energy scheme. 

The individual subsystem annual energy inputs are totalled up to give 
annual energy input per scheme. 



Figure 6 Annual Energy Input Summary Sheet for 197g L.F.B. 

1.1 

1.2 

1.3 

2.1 
2.2) 
2. 3) 
2. 4) 
3.1 

4. 

5. 

6. 

I 

Item 

Construct Devices 

Construction Facility 

Tow Out 

B.H,C. Bag 

Other Mechanical 
Equipment 

Turbine 

Electrical Equipment 
on Board Device 

Moorings 

Transmission 

Annual Input 

Annual Output 
(xlo3 GJe) 

Annual Energy Input 
Per Scheme (xlo3 GJt) 

% 
Modal 

Lower Modal Upper Input 

704.4 939 .1 1291.4 27.3% 

31.2 41.8 57.2 1.2% 

90.0 120.0 165 .o 3.5% 

335 .8 497.4 820.8 14.4% 

179.3 242.7 342.1 7.0% 

65. 4 87 .2 119.9 2 .5% 

220.0 293.6 403.7 8 .5% 

257.2 343.0 471.6 10.0% 

658. 7 878.2 1207 .5 25.5% 

2542 3443 4879 

18,924 15,100 11,354 . 



In the case of the 1979 Lancaster Flexible Bag system the total 

annual energy input, shown on Fig. 6 for a 2GW scheme: 

= 3.443 x 10
6 

GJt/year 

This is the equivalent ot a primary energy input of 956 million 

kWh (956 GWh) per year. over the scheme economic lifetime of 

25 years this would give total primary energy input of: 

6 6 
-- 3.443 x 10 GJt/yr x 25 yr= 86.1 x 10 GJt 

The proportion of the annual energy input which is contributed by 

each subsystem is shown in percentage terms in Fig. 6 for the modal 

value. This enables one to get a 'feel' for the type of device 

under study. For example, if it is a 'structure based' device it 

will have a large proportion of its annual energy inputs embodied 

in the structure. 

This enables the device designers to pinpoint the 'energy input 

centres', equivalent to, but not necessarily coinciding with the 

'cost centres', a term often used within the wave energy field. 

Designers can concentrate their efforts in these 'energy input 

centres', so that reductions in input can be made effectively within 

a limited budget. As an example, from Fig. 6 it can be seen that 

the annual energy input from 'Other Mechanical Equipment' is only 

7% of the total annual input to the system, whereas the input to 

'Construct Devices' is over 27 % of the total. Thus, say a 10% 

saving in the energy input to each of these centres would result 

in a saving of 0.7 % and 2.7 % respectively in the total annual energy 

input. Hence, effort should be most wisely spent on reducing the 

energy input to 'Construct Devices' in order to reduce the total 

annual energy input to the wave energy system. 



MEAN POWER AT SITE CORRECTIOtf DIRECTIONALITY INCIDENT 
S UIST OFFSHORE FACTOR FACTOR POWER 
BLOY IKW/mt 

HIGH ESTIMATE 50.0 1.20 0.88 47.7 

M)STPROB.ABLE 47.5 1.10 0.83 44.0 

LOW ESTIMATE 45.0 I.OS o. 78 40.2 

INCIDENT DEVICE CAPTURE EFFICIENCY POWER CHAIN POWER DELIVERED 

POWER BASED ON PM DIGIT AL SPECTRUM EFFICIENCY . RELIABILITY TO PERTH PER 
SPECTRUM CORRECTION METRE OF DEVICE 

HIGH ESTIMATE 0.33 1.01 0.66 0.95 7.3 

MOST PROBABLE , . 
." 

o. 28 0.96 0.61 0.82 I 5.8 
·- - ·- -

LOW ESTIMATE 0.23 0.91 0.51 \ 0. 70 4.4 

PREDICTED ANNUAL MEAN PER M WORKING PER 2GW RATED Figure 7 Device Productivity for LFB 

(from Rendel , Palmer and Tritton, 1979) 
POWER DELIVERED TO PERTH FACE OF DEVICE INSTALLATION 

UPPER BOUND 95% CONFIDENCE 7.3 kW o. 60 GW 

MEAN 5,8 0.48 

LDWER EOJND 95% CONFIDENCE 4.4 o. '36 



---

Figure 8 Annual Energy Output of Lancaster Flexible Bag 

Wave Energy System 

Annual Mean . Annual Energy 
Power Delivered Output at 
To Perth Perth 

GWe (continuous) GJe 
per 2GW scheme per 2GW scheme 

Upper Bound 0.60 18.924 X 106 
95% Confidence 

Mean 0.48 15.100 X 106 

Lower Bound 0.36 11.354 X 106 
95% Confidence 



14. Net Energy Requirement 

The net energy requirement is the heart of the energy analysis. 

It is one of several indicators of merit that one can determine 

from the energy inputs and outputs. It is usually defined as: 

net energy requirement= energy input 
energy output 

where both input and output are taken over the same period of 

time. In the case of wave energy systems, the input is measured 

in terms of primary energy (GJt) and the output is measured in 

terms of electricity (GJ). 
e 

Thus for a 2GW wave energy scheme: 

Annual net 
. annual energy input per 2GW scheme (GJt) 

energy requirement= 
1 annua output per 2GW scheme (GJe) 

This number gives an idea of the energy 'cost' of the scheme, 

similar to a financial cost of the scheme energy output say in 

pence per kWhe. To compare between devices or technologies one 

can use the net energy requirement as an indicator of merit. 

The device with the lowest net energy requirement will make the 

best use of the input primary energy, and this will use up the 

least amount of scarce fossil fuels for a unit of electricity 

output. 

There are other uses of the net energy requirement too. 

will only be a net producer of energy if: 

net energy requirement < 1 

The device 

and thus devices which do not fulfil this criterion must either be 

eliminated or improved. In practice the net energy· requirement must 

be much less than unity for a renewable energy technology to be 

economically viable,because the energy sold must pay for all the 

economic inputs to the scheme such as labour, materials, capital 

charges, plant and equipment, as well as energy purchased both 

directly and indirectly to construct the system. 

There are some problems, however, with the comparison between 

electricity outputs and primary (fossil fuel and prima:r:yelectricity) 

inputs. (Harrison and Jenkins, 1981). 



Some energy analysts (Dixon & Lowe, 1981~ Riddoch, 1979) argue 

that one can allot a quality factor to the electricity output to 

make it comparable with the primary energy output. This number 

usually has some relationship with the thermal efficiency of fossil 

fuel fired power stations, which is usually considered to be about 

33%. 

However, others argue that the results should be presented 

unambigously, with no quality factor attached, because this quality 

factor varies with the use to which the electricity is put, and the 

case above depends on electricity having a premium value is non-

substitutable- uses. (Harrison, Jenkins and Mortimer, 1980, 

Harrison and Jenkins, 1981) Thus, for the 1979 Lancaster 

Flexible Bag,2 GW scheme, the net energy requirement is: 

• annual energy input 
annual energy output 

for the modal (most likely) value this is 

3.443 x 106 GJt 
• 15.100 X 106 GJe 

• 0.228 GJt 
GJe 

The range of net energy requirements, is again, based on the extreme 

limits. Thus the lowest extreme (i.e. best case) net energy 

requirement 

• lower·bound annual energy input 
upper bound annual energy output 

2.542 x 106 GJt 
• 18.924 x 105 GJe 

• 0.134 g;: 
and similarly for the highest extreme (i.e. worst case) net energy 

req ui remen t 

• upper bound 
lower bound 

4.879 X 106 -11.354 X 106 

= 0.429 GJt 
GJe 

annual energy input 
annual energy output 

GJt 
GJe 

A list of the net energy requirements for several 1979/80 wave energy 

devices is shown in Fig. 9. 



Figure 9 

Energy Analysis of Wave Energy Systems: 1979/80 Reference Designs 

Summary of Results 

- GJt N Net Energy Requirement -* (G ) 
Je 

*(GJe) System Type Date R Energy- Ra tic -

& 
GJt 

Dimensions 
Lower Modal Upper 
Bound Value Bound 

1 Lancaster 'Top Duct' Nov. N 0.15 0.23 0.39 
Flexible 190 X 10 X 13m 1979 
Bag R 6.70 4.38 2.56 

2 Salter Duck ESL Nov. N 0.25 0.44 o. 79 
24 X lOm ~ 1979 

R 4!,05 2.29 1.26 

3 S.E.A. Clam 11 X 15 X 270m June N 0.25 0.44 0.86 
'HHM' 1980 

R 4.01 2."25 1.17 

4 Belfast B.ioy 'Tension Leg' Nov. N 0.30 0.48 0.83 
40m~ X 40m 1979 

R 3.37 2.08 1.21 

5 Bristol 'precast March N 0.32 0.53 o.92 
Oscillating pipeline 1980 
Cylinder & piled' R 3.15 1.87 1.08 

50 X 12m ~ 

6 NEL 'Bottom Nov. N 0.55 o. f57 1.47 
Oscillating Standing' 19J9 
Water Column 80 X 44 X 32m R 1.80 1.15 0.68 

7 NEL 'Breakwater' March N 0.50 0.89 1.91 
Oscillating 64 X 24 X 26m 1980 
Water Column R 1.98 1.12 0.52 

a Vickers Original Mk 7 Nov. N 0.63 1.05 1.91 
29 m ~ X 16m 1979 

R 1.59 0.95 0.52 

Date 
of 
C.alculation 

February 
1981 

August 
1981 

Preliminary 
Values: 
July 1981 

August 
1981 

March 1981 

April 1981 

October 
1981 

April 1981 

- over -



NOTES 

* Above results are expressed on an annual basis 

* (N) __ equivalent annual primary energy input(GJt) 
Net Energy Requirement annual energy output at Perth (GJe) 

• Energy Ratio (R) = annual energy output at Perth (GJe) 
equivalent annual primary energy input(GJt) 

Lifetime of system used for 'lower bound value' 
'modal value' 
'upper bound value' 

30 years 
25 years 
20 years 

'Modal Value' represents most likely combination of input and output 

'Lower' and 'Upper' bound values represent most extreme combinations of 
input and output. 



The net energy requirement of a system will equal the sum of the 

net energy requirements of each subsystem. Thus the impact made 

by design changes to each subsystem can be assessed quickly for 

the system as a whole. 

15. Energy Ratio 

The energy ratio is simply the reciprocal of the net energy 

requirement and thus for the wave energy case; 

·annual energy ratio = annual energy output (per 2GW scheme) (GJe) 
annual energy input (per 2GW scheme) (GJt) 

This gives a number which is similar to the conventional engineering 

concept of efficiency thus easier to use when getting a grasp of 

the comparison between devices or technologies, for example: 

net energy requirement GJt 
= 0.1 GJe 

net energy requirement = GJt 0.5 
GJe 

energy ratio 

energy ratio 

= 10 GJe 
GJt 

= 2 GJe 
GJt 

Thus for the Lancaster Flexible Bag device used in the example 

above, 

modal energy ratio = modal annual energy output 
modal annual energy input 

15.100 X 106 
= 106 3.442 X 

= 4.38 ~~: 

Within the range of 2.32 GJe 
GJt 

to 7.44 

GJe 
GJt 

The energy ratio is far easier to use to get a 'feel' for the energy 

analysis of a renewable energy technology, than the net energy requirement. 

However, it is difficult to use in any further manipulation of the 

results. This is of importance when using the energy analysis as an 

assessment tool for a particular device or system. Design changes 

which affect the input take place in the denominator of the energy 

ratio, so additions to and subtractions from the input entail lengthy 

calculations. 



16. Ranking of Devices 

When the techniques of energy analysis are applied to a number of 

competing renewable energy technologies or competing devices within 

such a technology, the results can be used to rank the technologies 

or devices in order of the amount of fossil fuels necessary to 

produce a unit of output. 

In this way energy analysis can be used as a broad indicator of the 

efficient allocation of resources. However, it is not claimed that 

energy analysis can substitute for thorough economic studies, but is 

a helpful aid to be used in conjunction with them. 

For this paper, an example of the use of energy analysis to compare 

different devices within a renewable energy technology is given, 

using wave energy systems as the basis. A review of energy analysis 

results for different renewable energy technologies is given elsewhere 

(Jenkins and Mortimer, 1981). 

The results relating to wave energy are shown in Figure 9 for the 1979/80 

devices. Further energy analyses are being performed for the latest 

1981 devices. It can be seen from this figure that some devices are 

clearly much better than others, and that one device, Vickers Mk 7 

is beyond the limit of feasibility. The NEL Oscillating Water 

Column device has changed little between 1979 and 1980, being 

barely viable in energy terms. 

Even for the best device, which is the 1979 Lancaster Flexible Bag 

device used as an example of the energy analysis in the text, the 

' ' 228 GJt h' h. . 1 t net energy requirement is 0. GJ , w ic is equiva en to an 

energy ratio ,of only 4.38 ~~~. eThis means that the system will 

produce a 4.38 times as much electricity output as fossil fuel input, 

which compares badly with, for example, wind energy (Dixon and Lowe, 

1981). This electricity output must pay for all the inputs used 

to build the system, including the energy inputs determined by the 

energy analysis in the preceding pages. 



17. Conclusion 

This paper has presented a simple,straightforward method of performing 

a detailed net energy analysis on a renewable energy technology. The 

technology illustrated here has been wave energy, using the particular 

example of the Lancaster Flexible Bag 1979 wave energy converter. In 

this example of wave energy devices, the energy analyst prepares work

sheets detailing the energy inputs associated with the construction and 

maintenance of the system. 

This energy input is then compared with the expected energy output of 

the system which is determined by the device teams during the normal 

engineering development of the devices. The comparison between energy 

input and output is made using an index known as the net energy require-

ment. This is the energy input to the system divided by the energy 

output of the system, both expressed over the same time period. Devices 

or technologies with a low net energy requirement make better use of 

fossil fuel resources to produce a unit of output than devices or 

technologies with a higher net energy requirement. To be a net producer 

of primary energy a technology must have a net energy requirement of less 

than unity. The net energy requirements of various wave energy systems 

have been determined using the methods outlined in this paper. A clear 

distinction can be made between devices in order of increasing net 

energy requirement. For the 1979 Reference Designs of wave energy 

converters, the range of net energy requirements is from 0.23 GJt/GJe 

to 1.05 GJt/GJe. 

To decide about future development of a renewable energy technology a 

whole host of information on the economic, social, political and 

resource implications of the technology is required. A net energy 

analysis is only one of these factors. However, it can be used early 

on in the development of a technology either to compare between devices 

or to compare the technology understudy with other renewable energy 

technologies performing a similar £unction. Thus the energy analysis 

can be used by designers and decision makers to determine the direction 

of future work in the field of renewable energy technology. 
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Data Base of Gross Energy Requirements of Materials and Products 

* The values in this Table have been collected by the Author from many 
different sources. 

* This table is by no means a complete list of energy requirements but 
has been compiled with the energy analysis of wave energy systems in 
mind. 

*Where possible recent U.K. values have been selected, so caution should 
be used in applying these values to non-UK. projects. 

* The user is urged, where possible, to consult the original source of 
information in order to check the methodology, assumptions and conversion 
factors used by the original authors. 

* This Table has been arranged in alphabetical order and cross referen~ed 
where possible. 

* All values are in terms of primary energy (GJt) unless stated otherwise. 



DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials 
or Products 

A.C. Generators 
Rating: 

c:-100 kVA 

~100 < 1000 kVA 

~1000 kVA 

A.C. Motors ' 

Rating: 
..c:o.075 kW 

)0.075 < 0.25 kW 

;o.2s <o.75 kW 

~o. 75 < 7 .5 kW 

~7.5 <75 kW 

~ 75 < 375 kW 

~ 375 < 750 kW 

~ 750 kW 

Aggregate 
Watural) 

Aggregate 
(Lightweight) : 

- sintered clay & 

shale 
- s intered P .F .A. 

t 
t 
~ 

t 
t 
t 
i 
t 
1 
{ 
{ 

- sintered colliery 
spoil 

- foamed blast 
funnace slag 

Alumina 

Energy 
Requirement 

104.9 GJ/t 
28.5 GJ/machine) 
120.8 GJ/t 
132.9 GJ/machine) 
90.4 GJ/t 
(4,701 GJ/machine) 

166.7 GJ/t 
( O. 4 GJ /machine) 
191.1 GJ/t 
(0.8 GJ/machine) 
182.7 GJ/t 
(2.0 GJ/machine) 
132.9 GJ/t 
(6.4 GJ/machine) 
131.2 GJ/t 
(22.8 GJ/machine) 
117.9 GJ/t 
124.3 GJ/machine) 
117 .1 GJ/t 
461.0 GJ/machine) 
118.l GJ/t 

Notes Source 

more detail ERA 1977 
available in source 

value 'per device' is for a 
mid-range machine 

!more detail ERA 1977 
available in source 

value 'per machine' is for a 
mid-range machine 

(1,556.6 GJ/machir e) 

0.15 GJ/t average value based on a Harrison, 
(0.03 - o.30 GJ/t)number of sources. This Jenkins & 

3.0 GJ/t 
1.0 GJ/t 

o.5 GJ/t 
.... 0.1 GJ/t 

35 GJ/t 

g.e.r. is highly site specific Mortimer, 
1980 

for lightweight concrete 

·e.g. 'Lytag' 

(from So% Al2 o
3 

Bauxite) 

Gartner & 

Sm.tth 1976 

.. 

Mortimer, 
1981a 

A 



DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy 
or Products Requirement 

Aluminium Ingots 312 GJ/t 

Aluminium Ingots 11 GJ/t 

Aluminium Ingots 202 GJ/t 

Aluminium Ingots 97 GJ/t 

Aluminium Die 249 GJ/t 
Casting 

Aluminium 241 GJ/t 
Extrusion 

Aluminium Sheet 191 GJ/t 

Aluminium Tube 251 GJ/t 

Aluminium Wire 232 GJ/t 

Notes 

from ore (50% Al 2 o3 Bauxite) 

from Scrap 

1977 U.K. average 

1968 U.K. average 

Using 1977 UK average 
Aluminium pressure die 
solid metal input 

Using 1977 UK average 
Aluminium ingot 

Using 1977 UK average 
Aluminium ingot 

Using 1977 UK average 
Aluminium ingot 

Using 1977 UK average 
Aluminium ingot 

cast 

Source 

Chapman 1973c 

Chapman 1973 
b 

Mortimer 
1981a 

Chapman 
a 

authors 

1975 

fig-
ure based on 
Energy Audit 
No. 6 

authors fig-
ure based on 
Energy Audit 
No. 6 

Mortimer 
1981a 

Mortimer 
1981a 

Mortimer 
1981a 

A 



B 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Batteries 694 GJ/1000 Lead-acid ; rubber cased ERA 1977 
(Automotive) batteries 

Batteries 617 GJ/1000 Lead-acid;Polypropylene cased ERA 1977 
(Automotive) batteries 

Bricks - Fletton 1.2 GJ/t conventional fuel use only Rose 1978b 
(2.5 MJ/brick) level3analysis 

' 

Bricks - Non- 3.6 GJ/t includes commons facing & Rose 1978b 
Fletton (9.1 MJ/brick) engineeri ng brick 

Bricks - UK 2.2 GJ/t 1976 value Rose 1978b 
average (5.5 MJ/brick) 

Butyl Rubber 209 GJ/t - Allen 1979 

--



DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials 
or Products 

Cement (0 .P. c.) 

Cement (0 .P .c.) 

Cement (O.P.C.) 

Cement (O.P.C.) 

Energy 
Requirement 

7.32 GJ3t 

6.38 GJ/t 

6.65 GJ/t 

5.54 GJ/t 

Cement (Pulveri sei 5.39 GJ/t 
Fuel Ash) 

Cement (Portland 4.63 GJ/t 
Blastfurnace 
Cement) 

Chromium 

Cobalt 

Concrete (Grade 
30) 

Concrete (Grade 
40) 

393 GJ/t 

145 GJ/t 

1.12 GJ/t 
(2.68 GJ/m3) 

1.22 GJ/t 
(2.94 GJ/m3) 

Notes 

UK average 1976 (English 
Midlands site) 

Scottish average 1976 
(Glasgow area) 

Scottish Average 1976 
at WEDCS* 

from Dunbar (dry process 
works) at WEDCS* -

Using Scottish average OPC 
blended with 20% PFA 
Delivered to WEDCS* 

Source 

Jenkins 1981 

!Jenkins 1981 

Jenkins 1981 

lJenkins 1981 

Jenkins 1981 

Us_ing Scottish Av OPC blendecJenkins 1981 
with 35 % granulated blast 
furnace slag delivered to 
WEDCS* 

Electrolytically produced 

Granules 

At WEDCS* using Scottish av 
OPC 360 kg OPC/m3 concrete 

At WEDCS* using Scottish Av 
OPC 400 kg OPC/ m3 concrete 

Mortimer 
1981a 

Mortimer 
1981a 

authors fig
ure from 
Jenkins 1981 

authors f ig
ure from 
Jenkins 1981 

* WEDCS: Wave Enorgy Device Constr{ction Site 

C 



-

DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy 
or Products Requirement 

Concrete Grade 50 1.41 GJ/t 
(3.39 GJ/m3) 

Concrete Grade 60 1.49 GJ/t 
(3.59 GJ/m3) 

Concrete Grade "40 1 .• 34 GJ /t 
(English average) (3.20 GJ/m3) 

Concrete Grade 40 0.89 GJ/t 
(Portland Blast- (2.13 GJ/m3) 
furnace cement) 

Concrete Grade 40 1.01 GJ/t 
(pulverised fuel (2.43 GJ/m3) 
ash cement) 

Copper - Ingot 51 GJ/t 

Copper Strip 74 G.J/t 

Copper Wire 84 GJ/t 

( 

Notes 

At WEDCS* using Scottish Av 
OPC 470 kg OPC/m3 concrete 

At WEDCS* using Scottish Av 
OPC 500 kg OPC/m3 concrete 

Building site in English 
Midlands UK average OPC 

Source 

authors ftg-
lire from 
!Jenkins 1981 

:A.uthors fig-
ure from 
Jenkins 1981 

" 

At WEDCS* Portland blastfurnace 
cement (Scot. av OPC & 35% 
blastfurnace slag) 

ii 

At WEDCS* pulverised fuel ash 
cement (made from Scot. Av 
OPC & 20% PFA) 

UK average 1977 

from UK average 1977 ingot 

from UK ave~age 1977 ingot 

Mortimer 
1981a 

Mortimer 
1981a 

Mortimer 
1981a 

C 



DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials 
or Products 

D.C. Generators 

D.C. Motors 
~ 0.075 kW t 
~ O. 75 -< 7 .5 kW i 
~ 7 .5 < 75 kW 

~ 75 < 375 kW 

Energy 
Requirement 

Notes Source 

119.0 GJ/t value 'per machine' is for a ERA 1977 
(28.9 GJ/machine) mid-range machine 

138.8 GJ/t 
(0.83. GJ/machine 

114.7 GJ/t 
(10.7 GJ/machine) 

121.8 GJ/t 
(51.1 GJ/machine) 

125.4 GJ/t 
(169.2 GJ/machine 

value per machine is for a 
mid-range machine 

II 

II 

II 

ERA 1977 

~ 375 ..::: 750 kW ~ · 111.2 GJ/t II 

~ 750 kW 

Diesel Engines 
Engine 'A' 

Engine 'B' 

Average Engine 

1 (768.2 GJ/machine 

111.1 GJ/t II 

i (1371.8 GJ/machin~) 
( 

85.5 GJ/t 

88.3 GJ/t 

86.9 GJ/t 

6 cyl., 5.8 litre wt 455 kg, PERA 1978 
output 67 kW 

6 cyl., 5.7 litre wt 480 kg, 
output 75 kW 

average of above 

PERA 1978 

II 

D 



E 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Earth moving 85.5 GJ/t GRADER PERA 1978 
equipment e.r. includes bought in 

finished parts 

Electrical - See ERA 1977 
Machinery A.C. Generators 

A.C. Motors 
D.C. Motors 
D.C. Generators 
Traction Motors 
Transformers 
Turbin~s 

E.P.D.M. 170 GJ/t - Allen 1979 
(Synthetic Rubber ' 

Epoxy Resin 200 GJ/t Early figure , includes feed- NEOO 1974 
stock 



F 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Food Cans ( 16 oz) 53.1 GJ /t - PERA 1978 
38.76 G.1/1000 can~ 

. 

. 



G 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Glass;containers 22.77 GJ/t - Perry & 

· Doyle 1979 

Glass;cut crystal 111 . 0 GJ/t II -
glass 

Glass,· domestic 56.41 GJ/t - II 

glassware 

Glass j flat glass 20.35 GJ/t - II 

Glass,fibre-insu- 63.70 GJ/t - II 

lation 

Glass , Fibre rein- 55.94 GJ/t II -
forcement 

Glass;soda lime 38.19 GJ/t II -
tubing 

Glass reinforced 101 GJ/t Polyester based, 50/50 volume authors 
plastic (GRP) ratio; no scrappage figures 

Grader ;;.. See 
Earth Moving Equipment 



H 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Housewiring Cable 83.9 GJ/t Strand Core (PVC) Sheathed ERA 1977 
Cable 



I 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials 
or Products 

Inconel 

Iron Castings 
(Average size) 

Iron Castings -
Grey Iron (from 
cold blast cupola) 

Iron Castings -
(from electric 
melting) 

Iron Castings -
(from hot blast 
cupola) 

Iron Castings -
Malleable 

Iron Castings -
Spheroidal Graph
ite (S.G.) 

Iron Laminations 

Iron Ore -
U.K. produced 

Iron Ore -
U.K. imported 

Energy 
Requirement 

206 GJ/t 

32.0 GJ/t 

35.0 GJ/t 

36.8 GJ/t 

20.5 GJ/t 

41.9 GJ/t 

34.2 GJ/t 

43 GJ/t 

0.3 GJ/t 

1.0 GJ/t 

Notes 

76% Ni, 15% er, 7% I 

Level 3 based on process 
analysis 

Level 3 based on average value 
from 5 process analyses 

Level 3 average value from 
5 process analyses 

Level 3 average value from 6 
process analyses 

Level 3 value 

level 3 value from cold blast 
cupola 

for magnets and transformers 

includes transport 

includes transport 

Source 

Mortimer 198 a 

author's 
figure from 
ROSE 1978a 

II 

II 

II 

II 

II 

Mortimer 
1981a 

Waller 1976 

Waller 1976 



K 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Kaolin (China Clay 2.45 GJ/t Process only Anon 1980 

1 



L 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Lead (UK average) 46 GJ/t 1977 value ; ingot.:. only Mortimer 
84 % primary lead 1981a 
16% secondary lead 



M 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Machined Component s 60.6 GJ/t from Steel castings, forgings PERA 1978 
and fabrications 

Mechanical Equip. - See PERA 1978 
Earth Moving Equipment (Gradel ) 

Manganese 229 GJ/t Ingots Mortimer 198 a 



N 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Natural Rubber 14 .5 GJ/t range 13-16 GJ/t depending on Allen 1979 
transport distance & mode 

Neoprene - see 
Polychloroprene 

Nickel 191 GJ/t Ingots from sulphide ores Mortimer 19 3 la 

Nylon 66-resin 253.3 GJ/t from crude oils Boustead 
& Hancock 
1979 

' 

Nylon 66-Fibre 285.1 GJ/t from crude oils II 

' 



DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials 
or Products 

Polychloroprene 

Polyester Fibre 

Polyester Resin 

Polyethylene -
low density , 

Polyethylene 
high density 

Polyproylene 

Polystyrene Foam 

Polyurethane 

Energy 
Requirement 

144 GJ/t 

222.1 GJ/t 

190 GJ/t 

92 GJ/t 

89 GJ/t 

110.2 GJ/t 

139.1 GJ/t 

209 GJ/t 

Polyvinyl chloride 98.8 GJ/t 
(p.v.c.) Resin 

Polyvinyl chloride 110.6 GJ/t 
(p. v. c.) pipes 

Prestressing wire 
strand-steel 

Notes 

(Neoprene) synthetic rubber 

from Crude oil; main process 
& transport & capital & 
services 

from crude oil;includes 
feedstock 

from crude oiljincludes 
feedstock 

II 

II 

Synthetic rubber 

from crude oil 

from crude oil 

see 
Steel 
Prestressing Wire 

Source 

!Allen 1979 

Boustead & 
Hancock 1979 

authors 
figure 

Boustead & 

Hancock 1979 

Roberts 1978 

Boustead & 

Hancock 3..979 

Boustead & 

Hancock 1979 

Allen 1979 

Boustead & 

Hanc0ck 1979 

II 

p 



R 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Reinforcement SteeL - See -
Steel 
Reinforcing Bar 

Rubber - See 
Natural Rubber 
Styrene Butadiene Rubber (SB! ) 
EPDM 
Polychloroprene 
Polyurethane 
Butyl Rubber 



.. 

s 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials 
or Products 

Shuttering 

Socket screws 
dia: 3-16rnm 

20- 24mm 
3-24mm 

Stainless Steel
Crude 

Stainless steel -
fabrications 

Stainless steel 
pipe 

Stainless steel 
plate 

Steam turbines 

Steel products 
industry average 

Steel continuous 
tubes & pipes 

Steel - heavy 
fabrications 

Energy 
Requirement 

0.172 GJ/m2 

75.9 GJ/t 
107.1 GJ/t 
82.1 GJ/t 

70 GJ/t 

108 GJ/t 

131 GJ/t 

90 GJ/t 

150 GJ/t 

36.5 GJ/t 

35.7 GJ/t 

55.6 GJ/t 

Steel - mass 34 .2 GJ/t 
produced 
heavy fabrications 
(e,g, Wave Energy 
Device) 

Steel plate 31.0 GJ/t 

Notes Source 

multiple usage 20% steel by authors 
area includes backing 

18/8 er/Ni austenitic 

18/8 er /Ni 
includes welding energy 

18/8 Cr/Ni 

18/8 Cr/Ni 

based on crude steel at 
19 GJ/t 

II 

figures 

PERA 1978 

Mortimer 
1981a 

Mortimer 
1981a 

Mortimer 
1981a 

Mortimer 
1981a 

Mortimer 
1981a 
Roberts 1978a 

Roberts 1978a 

General fabrications based 01 authors 
PERA figures with 10% scrap figures 
at fabrication stage 

process analysis based on 
A & P Appledore study for 

authors 
figures 

mass produced steel 'rafts' 
Using steel plate @ 31 GJ / c. 

and 3% scrap rate at a moder~ 
fully autcmated production 
facility for producing 2000 
rafts each weighing 4850 ton1es 
Only applicable to similar 
very large throughput plants 

4.5 mm thick Roberts 197Ba 



s 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Steel prestressinc 43.0 GJ/t - Roberts 197811, 
wire 

Steel reinforcing 39.5 GJ/t - Roberts 1978p. 
bar 

Steel sheet 38.0 GJ/t 4 . 5 mm thick Roberts 1978a 

Styrene butadiene· · 15 6 GJ/t - Allen 1979 
Rubber (S.B.R.) 
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T 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials 
or Products 

Energy 
Requirement 

Notes Source 

Traction Motors 120.9 GJ/t 'per machine' value is for 
(13.6 GJ/machine)midrange machine 

ERA 1977 

Transformers 
Rating 
~5 kVA 

~5 < 1500 kVA 

( 173.4 GJ/t 
( 0~4 GJ/machine 

( 110.6 GJ/t 
( 20.2 GJ/machine 

~ 1, 500 kVA -< 7 2 • 5 ( 
kV ( 

82.5 GJ/t 
1,314 GJ/machine 

)72.5 kV< 200 kV( 
( 

78.3 GJ/t 
4,265 GJ/machine 

~ 200 kV (' 73.0 GJ/t 
( 11,859 GJ/machine 

'Shunt & Limiting 86.2 GJ/t 
Reactors 424.2 GJ/machine 

Turbines 239 GJ/t 

'per machine' value for mid- ERA 1977 
range machine. 

II 

covers all types of turbines ERA 1979 
produced in 1968 
e.g. steam, gas & water 
see also 
Steam turbines 
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DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRODUCTS 

Materials Energy Notes Source 
or Products Requirement 

Water 9.15 MJ/t UK average 1968 Casper 
MJ/t = MJ/m3 = kJ/litre Chapman & 

Mortimer 
1975 

Welding - Electri ., 53.3 MJt based on 4kWhe/kg deposited PERA 1978 
arc per kilogram 

deposited 
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z 
DATA BASE OF GROSS ENERGY REQUIREMENTS OF MATERIALS AND PRO DUCTS 

Materials Energy Notes Source 
or Produc ts Requirement 

Zinc Ingot 56 GJ/t Grade 1 Ingot Energy 
Audit No. 10 
1980 


