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1. Introduction 

An invitation to a European to deliver a "John R. Freeman Memorial 
Lecture" is not only an unusual honor, but also a tribute to the influence of an 
eminent American beyond the borders of this Continent, his visions of 
inter-disciplinary technology and the place of "The Engineer in Society" as they 
face all nations today. Previous "Memorial Lectures" by six distinguished 
American engineers and one Swiss concentrated on hydrological modelling (I), 
sediment transport (2), jet diffusion and cavitation (3), hydraulic mixing ( 4), 
coastal dispersal phenomena (5), hydraulic transients (6) and thermodynamic 
testing of turbines and pumps (7), topics which are woven into the fabric of 
many "Pumped Storage" projects. 

Any attempt to deal with this subject, even within Western European 
boundaries must be approached with trepidation, and even given the time and 
competence, it would be pretentious to bring before this "Society" another 
statement of the problems and benefits allied with "Pumped Storage" in a region 
where the "Northfield Mountain" and "Bear Swamp" schemes testify to their 
recognition; moreover, parallels and contrasts between American and European 
geography, climatic and social conditions would add few new design and 
construction ideas to well documented descriptions of existing and future 
pumped storage developments. In addition, the economic and other aspects of 
the "Eastern European" scene differ so markedly from those of the "West" that 
they too must be excluded. 

Freeman was strongly oriented towards hydraulic engineering, as witnessed 
by his activities on the Hetch Hetchy, Catskills and other major projects, and it 
seems remarkable that it is the impact of this field, coupled with other factors 
which will determine whether "Pumped Storage" will survive in.Western Europe, 
and indeed on this side of the Atlantic. 

It is perhaps appropriate to acknowledge here the U.S. contribution under 
"Marshall Aid" to post-war rehabilitation of power supply undertakings in 
Western Europe, a concept which would have appealed to Freeman's liberal 
philosophy. Today, however, other crises are looming which may be as profound 
in their effects on "Pumped Storage" as others were on conventional 
hydro-electric schemes. 

*Consultant, Kennedy and Donkin, Consulting Engineers, London, England. 
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The personal views presented here, do not reflect official attitudes but, having 
wider implications, are framed to co-relate prevailing outlooks on pumped 
storage with a future where only rigorous evaluations will be decisive; the verdict 
may be that such ideas are unwarranted "variations on a theme", but 
nevertheless suggest that they might be apposite to Freeman's impressions of the 
"changing world about us". 

2. Pumped Storage Generally 

The material for this lecture was founded on Freeman's interests in 
professional engineering education, training, experience and responsibility as 

. well as his concern for public and engineering safety, the impacts of which are 
among the prevailing problems of modern times and have particular relevance to 

· pumped storage on the scale envisaged in Western Europe. This appraisal was 
extended to blend with unconventional layouts such as coastal pumped storage 
schemes, underground lower and upper reservoirs, multi-purpose developments, 
run-of-river cascades and the association of pumped storage with tidal power, as 
well as "power block" and "power group" concepts. It is in such contexts that 
creative multi-disciplinary synthetic rather than analytical design becomes vital. 

Logically this led into considerations of the Western European network, 
changing system load patterns, hydraulic and electrical machine developments 
and their influence on pumped storage operational criteria where experience has 
demonstrated reliability and flexibility in predictable as well as abnormal 
situations such as thermal station load trimming during an industrial dispute in 
the U.K. and incipient system collapses in Europe. Its role in system 
load-frequency control is also becoming important but although computers are 
widely used in design and system planning there have been few attempts, within 
a hydro-electric/pumped storage framework, to adapt them to on-line station 
operations. Here there is a need for a systematic technical/economic approach to 
reconcile disparate views. 

3. Pumped Storage Alternatives 

There is no denying that gas turbines are becoming active competitors, and 
with development plus experience now being accumulated they will prove 
greater threats although proper allowances for fuel consumption, capital/operat
ing costs, availability and environmental factors should be evident in unbiased 
economic analyses. The fact remains, however, that they now have an 
acknowledged place in power system development as shown by the mathe
matical models for operation simulation of pumped storage/gas turbine mixes 
from which economic conclusions emerge between capital-intensive pumped 
storage and cheap gas turbine installations with high running costs.(9) 

In this context two sets of numerical data are worth noting: 
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(i) CE. G.B. The existing gas turbine installations and forward applications 
for consents totalling 23 GW for the C.E.G.B. system are summarised in 
Tables I and II respectively. 

(ii) For the E d F system, · with substantial conventional hydro-electric 
storage, the figures for a demand of 100 GW and 500 Twh in 1988/89 are 
given in Table III. 

In reality, however, gas turbines once installed, are operated differently from the 
occasional low probability needs of say 12 hours/day perhaps once in 10 years, 
and current experience shows that they are used extensively for operational 
reasons in situations where fuel costs are secondary to system reliability and 
integrity. Moreover, many marginal and intangible benefits hitherto attributed to 
pumped storage are now appreciated by gas turbine designers, and developments 
are making them possible as supplements to other advantages where comparisons 
might otherwise favour pumped storage. Despite their dependence on liquid 
fuels, gas turbines seem inherently more acceptable to those unfamiliar with 
hydro-electric plants generally but for which there is no longer an undisputed 
economic mandate. 

4. Pumped Storage Forecasts 

Technical questions can now be resolved within the constraints of modern . 
pumped storage technology, but on the scale now contemplated in Europe 
(Tables IV and V) with a growth rate of 15 percent p.a. bringing it to 26,000 
MW by 1980/82 other issues are becoming dominant. Despite its apparent 
magnitude, the 10-15 percent proportion relative to system load foreshadowed 
by some authorities is unlikely to be attained. The 1980/82 figure stands at 3.8 
percent and globally pumped storage seems destined to a minor role relative to 
other forms of generation. 

5. Environmental Considerations 

Western European opposition to pumped storage is unimpressed by system 
operational benefits but is often predicated on earlier hydro-electric construc
tion disturbances thus overlooking that it is a non-consumptive water user and a 
marginal fuel saver. It also seems to have escaped allegations of forced social 
migration, silt flow restriction causing downstream erosion, coastal fishery 
damage, river-borne disease transmission, land salination, weed growth, increased 
transpiration and raised ground water levels. However, with future projects it 
would be prudent to disarm such contentions, for while pumped storage may 
have, so far, eluded public accountability after commissioning, it is not 
axiomatic that stations now contemplated will be equally fortunate. 

It is perhaps tempting to consider 3.8 percent of pumped storage as marginal 
until it is realised that 2-3000 MW installations can raise significant local issues in 
an influential and affluent society which cannot be overruled by vested interests. 
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TABLE I. 

EXISTING C E G B GAS TURBINE INST ALLA TIO NS (8) 

Aircraft Number Installed MW Capability /Unit 

Engine Types Stations Sets Engines MW Lower Upper 

Avon 12 36 88 1060 17.5 56.0 

Olympus 13 41 56 980 17.5 70.0 

Totals 25 77 144 2040 

Pumped Storage 1 4 360 90 

TABLEII. 

CE GB FORWARD PLANNING FIGURES (11) 

Generation Consent Status Totals 

Form Granted % Applications % GW % 

Nuclear 3.94 25.8 0.65 8.4 4.59 20.0 

Coal Fired 3.96 26.0 2.00 25.8 5.96 26.0 

Oil Fired 6.00 39.4 2.20 28.3 8.20 35.7 

Totals 13.90 91.2 4.85 62.5 18.75 81.7 

Gas Turbines 1.35 8.8 1.50 19.5 2.85 12.2 

Pumped Storage 1.40 18.0 1.40 6.1 

Grand Totals 15.25 100.0 7.75 100.0 23.00 100.0 
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TABLE III 

ELECTRICITY DE FRANCE 

FORECAST POWER DATA FOR 1988/1989 (9) 

Power 
Energy 

Form of Generation GW Twh % 

Maximum Demand 100 500 

Hydro-Electric Installations 

Lakes 11 11 2.13 

Storage Reservoirs 6 15 2.89 

Pumped Storage 7 15 2.89 

Run-of-River 6 33 6.38 

30 74 14.29 

Thermal Plant 

Gas Turbines 8 4 0.77 

Mixed Cycles 9 30 5.79 

Conventional (125-600 MW Units) 7 35 6.75 
(700 MW Units) 13 95 18.35 

Self Producers 3 20 3.86 

40 184 35.52 

Nuclear Stations 30 260 50.19 

Total Generation 100 518 100.00 
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TABLEIV 

FORECAST EUROPEAN NETWORK GROWTH (10) 
(EXCLUDING U.S.S.R.) 

Year, 1968 1980/82 
Capacities in GW 

Total Pumped Max. Total Pumped 
Installed Storage Demand Installed Storage 

European Community 192.1 3,1 146.8 431.3 15.3 

Rest of Europe 

Western Region 59.6 0.8 37.4 141.3 5.4 

Eastern Region 43.4 1.0 35.3 123.5 5.9 

Total 295.1 4.9 219.5 696.4 26.6 

Increase %/annum 7.4 15.3 

% Total Generation 
Capacity 1.6 3.8 

TABLEV 

ALLOCATION OF GENERATING CAPACITY (10) 
(EXCLUDING U.S.S.R.) 

Max. 
Demand 

338.6 

96.6 

161.6 

536.8 

7.7 

Form of Generation % Total Generating Capability 

Region 

Conventional Generation 

Thermal 

Nuclear 

Hydro-electric 

Pumped Storage 

Peaking Capacity 

Excluding Conventional Hydro 

EEC Total EEC Total 

71.8 

3.6 

23.0 

1.6 

3.3 

66.3 

2.4 

29.7 

1.6 

3.2 

70.2 

13.1 

13.2 

3.5 

7.7 

66.0 

11.9 

18.3 

3.8 

7.7 
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The aesthetic objections to transmission lines, switchgear and transformers are 
common to all power projects and, inter alia, tested land-use projections do not 
eliminate expensive demands for undergrounding or enclosed buildings despite 
the disturbances during construction and subsequent maintenance. 

There is scant information from existing pumped storage operations to guide 
environmental and ecological thinking in terms of conservation, pollution and 
degradation prevention. This suggests research into biological/hydrological 
factors and allied matters within the climatic range, terrain and other 
characteristics in Europe which not infrequently pose specialised challenges 
which must be countered by constructive proposals rather than arguments 
against sound objections since public concern is not wholly unrealistic in 

· demanding optimum use of resources for the common good. 
The energy element is equally minute. For example, the E d F 1988/89 

forecast of 7 GW out of 100 GW is allied with 15 Twh (Table III) or 3 percent 
out of 500 Twh. When coupled with long construction times, inherent civil 
engineering risks, escalating costs and suggestions that environmental equilibrium 
restoration may• take one or two decades, pumped storage seems unlikely to 
sustain public support, particular-ly if the initial effects are severe, against the 
view that the energy contribution does not warrant the dislocatfons involved. On 
the other hand, consumers have, broadly, still to realise their dependence on 
secure electricity supply systems some of which are already showing symptoms 
of impending stress because of failure to steer public opinion away from 
so-called "protection groups" and to streamline statutory processes between 
concept and commissioning. Such contentions are, and can be, fruitful grounds 
for advocates of compact power and energy concentration in gas turbine plants. 
It seems, therefore, that there are needs for presenting environmental matters 
not only as functions of pumped storage forms but also relative to: 

(i) Scale of Construction as damage or enhancement on a MW basis. 

(ii) Temporary Damage during construction with restoration. 

(iii) Intermittent Bi-directional Operation on an energy input/output basis. 

It is well to realise, however, that the apparently low utilisation of pumped 
storage takes on greater significance than for high load factor plants and reports 
have been criticised, sometimes fatally, because of: 

(a) Biased evaluation and lay incomprehensibility. 

(b) Lax assessment of underlying assumptions and alternative solutions. 

(c) Lack of appreciation of land, social and environmental values. 
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These can no longer be disregarded since public judgments are based on aesthetic 
and ethical rather than economic standards. 

The environmental/ecological aspects of pumped storage cover a broad 
spectrum, differ from and are more widespread than those encountered with 
high load factor fossil/nuclear fuelled stations and long term studies are more 
difficult to justify. The time needed to accumulate and interpret data with 
recommendations (say 2 years) plus the uncertain outcome and cost may, in 
hardening financial climates, make utilities unwilling to invest in isolated 
facilities, unless significant gains, other than power, become dominant. 

Engineers often seem poorly briefed against challenges of adverse environ
mental and ecological impacts mainly because they need definition in terms of 
daily/weekly/seasonal water level fluctuations and reservoir internal flow 
distribution for pure pumped storage cycles and multi-purpose uses. They 
cannot, therefore, afford to dismiss such questions as: 

(i) Disturbance of large segments of the natural environment and river 
regimes; freedom from surface, ocean and groundwater, land and 
atmospheric changes and pollution, must be assured. 

(ii) Potential Reactions to consequences of raised shore lines, exposed 
reservoir banks and daily water level fluctuations on: 

(a) Aquatic Biology, fish damage, lake eutrophication and terrestrial 
habitat changes. 

(b) Land uses and social aspects. 

(iii) Induced Diurnal stream flow variations. 

(iv) Ground Water Alterations and regional effects on aquifers and well 
systems. 
, 

Engineers are, perhaps, not entirely blameless in failing to maintain a meaningful 
dialogue with their ecological and environmental colleagues who do not 
appreciate the information which can now be derived from hydraulic studies and 
model tests and therefore tend to vague approaches stemming from inability to 
present their data in forms suitable for interface discussions. As a personal view, 
the remedy rests with the engineer to develop an understanding of biological, 
and other criteria since, with all forms of pumped storage, such impacts fall on 
civil engineering works with contributory effects due to hydraulic machinery 
operations. The devising of convincing solutions can be decisive even where the 
capital and operating costs are otherwise compatible with system economics. 

Pumped storage within a fossil or nuclear fuelled station "power block" can 
be beneficial but this has yet to be validated unequivocally. It will not, however, 
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necessarily .supplant gas turbines as auxiliary power sources for they are already 
in common use and in fact may be incorporated in compressed air storage 
schemes (12), or in combined cycles for overall thermal efficiency improvement 
but it may be that pumped storage can gain from inclusion in a larger 
environmental sphere. 

It may be appropriate to note here the U.S. experimental and mathematical 
model approaches (13) and "Environmental Evaluation" schemes (14) which, 
while seemingly cumbersome, highlight inter-disciplinary areas. Whether similar 
procedures with jurisdictional, political, social and other overtones will emerge 
within E.E.C. is perhaps conjectural and even more so for pumped storage; 
currently such questions are in the hands of constituent governments and there 
is, as yet, no comprehensive legislation corresponding to the U.S. "Water 
Resources Planning Act" (15), but directives will surely follow either as a part of 
the E.E.C., "Environmental", "Energy" or "Regional" policies, for it is now 
recognised that technology carries·commitments against mis-use, and concern for 
"Society" and the "Environment" has penetrated, possibly via the "Club of 
Rome" warnings, the highest levels of "European Councils". 

6. Economics 

Global Economics. Pure pumped storage seems so sensitive to economic 
changes that there are already reflections within E.E.C. of political considera
tions, investment strategies, fuel policy, social opposition and base and peak load 
characteristics which, cumulatively, could be decisive before the end of the 
century; these matters are not peculiar to the "European Scene" but govern 
electrical system developments and, with other factors, introduce variables into 
project reports which make up-dating unavoidable with margins for error at each 
amendment. For example: 

(i) Monetary Policy. Recent international financial disturbances, seem likely 
to accelerate monetary unification within E.E.C. 

(ii) Inflationary Trends. Attempts to stem inflation do not bring stable 
construction costs, or insure against escalating land prices when projects 
seem imminent or against labour turnover and scarcity of men, money 
and materials. 

Although depreciating money values may have been a key-note in timing 
earlier hydro-electric schemes, pumped storage is exposed to inflationary 
trends both in construction of 5-10 percent p.a. 7 .5 - 12.5 percent on 
fuel and 3.5lt 5.0 percent of operating costs. 

Impending legislation envisaged by the far-reaching "Treaty of Rome" must alsq 
influence corporate structure, inter-trading vis a vis the construction industry, 
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price and dividend limitations, legal and financial/taxation policies as well as 
established national and international engineering contract law. 

The re-structuring of the heavy electrical industry into multi-national 
organisations capable of competing abroad and with potential foreign penetra
tion has been surveyed in terms of manufacturing capability, and the demands 
for steady rather than the prevailing irregular ordering patterns and specifica
tions (16) (17). Pumped storage seems unlikely to materially influence this 
situation but forecasts of turbo-generators of 1500 MW in stations up to 6000 
MW imply larger pumped storage plants of perhaps 2500-3000 MW, greater 
storage capacity and machines in the 500-600 MW class, and point up the needs 
for: 

(a) Reduced capital costs and favourable economic terms. 

(b) Site availability and possibly unorthodox layouts with high heads and 
short waterways. 

It would be prudent to anticipate that uncertainties in the next two decades will 
increase pumped storage costs, but are mentioned merely to stress that no 
matter how elegant a scheme may be, the engineer cannot neglect external 
economic forces. It may be that E.E.C. "Fuel and Energy Policy" and 
"Environmental Recommendations" shortly to come before the "Council of 
Ministers" will have even greater implications. 

Multi-Purpose Developments. In Western Europe some conventional hydro
electric schemes have been modified after or even during. construction to 
accommodate pumped storage with credits for: 

(i) Exploitation which would otherwise be uneconomic, 

(ii) Increased firm capacity, 

but care is needed in cascaded systems for the benefits may be marginal or even 
negative. 

Within the framework of 3.8 percent in pumped storage by 1980/82 (26 
GW), the 10-15 percent of system capacity forecast by some authorities seems 
insupportable for acceptability to "Society", and is not dependent on solutions 
to civil/mechanical/electrical system problems or operational benefits, which 
may or may not be valid beyond the next two decades. It is, therefore, difficult 
to escape the conclusion that pumped storage invites some substantial elements 
of multi-purpose utilisation, but cost-allocations, in the abseAce of goodwill, will 
be as vexed, if not more so, as with conventional hydro-electric schemes. Of all 
multi-purpose uses, only domestic/industrial/irrigation water supplies, and 
perhaps navigation, seem likely to yield commercial returns. Benefits from 
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drought alleviation, flood control and cooling water facilities are less easily 
identified and assignable. 

There are indications that weekly rather than daily storage cycles and 
capability of coping with major fossil or nuclear fueled station outages of 
relatively long duration will become dominant. Seasonal storage has been and is 
being adopted where topography, hydrology and other circumstances permit but 
other more helpful principles are: · 

(a) "Power Groups". In Switzerland (18) a central pumped storage scheme 
,of 1200 MW is proposed not only for peaking but also as a standby for a 
group of 5 nuclear stations totalling 3350 MW. 

(b) "Power Blocks". In Finland (19)layouts integrating pumped storage into 
an underground nuclear station are under consideration. 

Both proposals apparently warrant higher "economic ceilings" but it seems 
necessary to ensure that pumped storage, if justified in its own right, is not 
abandoned if the overall package proves unattractive. The "Block" concept, in 
particular, necessitates multi-disciplinary investigations to cover, inter alia, 
increased thermal station capacity. 

Survival may therefore depend on recognising that: 

(i) Non-use of water resources is as much a loss as destructive over-use and 
exclusive appropriation is abuse. 

(ii) Integrated multiple-use, including aid to system and thermal power 
station operation, may enhance living standards by balanced provision of 
bothessentials, i.e. water and electricity. 

(iii) Potential environmental and ecological damage must be minimised. 

(iv) It no longer suffices to summate marginal benefits without monetary 
evaluation. This demands improved methods of validating cost alloca
tions and national economic/social benefits for financial and political 
scrutiny, and needs better reciprocal appreciation than seems to exist at 
present. 

Pumped Storage Economics. In isolation pumped storage assessment on an 
"equivalent alternative production" basis is relatively straightforward, but 
nevertheless E.E.C. resources and procedures are unlikely to simplify power and 
system planning. Network dependent pumped storage will become no easier 
since other questions already appear to override technical considerations and 
trends which cannot be dismissed include: 
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(i) Interest Rates which are steadily rising with repayment terms becoming 
more onerous. 

(ii) Depreciation and Amortisation practices are being questioned and in 
some quarters the long life and sustained efficiency of hydro-electric 
plant is being challenged by possibilities of obsolescence. Residual values 
and thermal plant retirement policies are not excluded. 

(iii) Taxation at local, regional, national and "Community" levels can and 
could be disproportionately heavy on pumped storage relative to base· 
load stations. 

Multi-purpose objectives, now slowly being realised in Europe, including 
association with fossil or nuclear fueled plants add to the complexities of 
reconciliation analyses when complicated by political and other judgements 
apart from those reflected by the national economy, industry and market forces 
on electrical systems. 

Claims that, once built, pumped storage is free from inflation are not wholly 
valid, for operating costs depend on fuel prices and energy availability is 
becoming precarious. Other factors requiring scrutiny are: 

(a) Proportion of pump storage vis a vis system conditions. 

(b) · Assessment of differential energy costs. 

(c) Critical times for introducing pumped storage relative to changing system 
needs and load patterns. 

(d) Effects of design changes and construction delays. 

(e) Availability, efficiency, flexibility and reliability evaluation. 

(t) Sensitivity of: 

(i) Fixed annual charges to rapid and unexpected changes in system 
growth. 

(ii) Operating and maintenance costs, which except for pumping energy 
are relatively small. 

Techniques for anticipating such changes and their effects are needed to furnish 
answers to questions which may be posed at financial levels. 
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At least one major pumped storage scheme in Western Europe is currently 
known to be uneconomic pending intensive nuclear additions to the system. 
Financial losses are attributed to: 

(i) Construction Costs up by 50 percent on estimates with 18-20 percent 
due to price increases. 

(ii) Base Load Energy availability insufficient to cover night demands 
especially in winter. 

Such experience, perhaps not an isolated one, is no doubt at the root of critical 
planning and cash· flow scrutiny particularly for staged projects. There are needs 
for restraining investments by improved design and construction techniques to 
counter rising costs in climates of potential monetary instability where uncertain 
incentives to long-term profitability are subordinated to cheaper installations. 

New systems of civil engineering costing by "method related" bills of 
quantities including "escalation" clauses for labour and materials are now 
gaining acceptance and, while needing no justification, will take "t~ilor-made" 
pumped storage costs above the older estimating methods. Moreover forecasts 
are now expected to embrace ''investment ceilings". Abnormalland acquisition 
costs and engineering risks previously deemed in the "unforeseen" category, 
must be assessed in terms of delays and consequential costs, to substantiate 
"contingenc{es" items. Organisation internal accounting, finapcial standing and 
participation are not immune from bank scrutiny. 

Oitical Variables. 

(i) Changing Load Patterns. Long-term predictions have proved unreliable in 
two sectors where pumped storage is constrained by energy: 

(a) Peak Loads. Currently both energy and load patterns are flattening peaks. 
Electrical system and thermal plant load duration curves seldom match, 
and consequently more energy comes from a low merit plant than might 
be expected. 

(b) Base Loads. Off-peak load encouragement has brought shallower and 
narrower troughs, shorter pumping periods and occasionally pumping 
energy shortages. 

On networks with phased fossil and nuclear station programmes, changing merit 
order makes peak energy values difficult to assess and pumping costs may be 
dependent not only on surplus base load energy availability but also on more 
remunerative utilization bearing in mind that some 25 percent is sacrificed over 
the pumping/generating cycle. Dramatic overall efficiency improvements seem 
remote. 
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(ii) Energy Costs. 

A U.K. Energy Costs. The energy deviations from the 1968 forecasts 
highlight the need for a flexible policy to cope with changing circumstances. 
Between 1968 and 1972 electrical energy costs to industry rose from 0.65 
p/kWh to 9.85 p/kWh or 30.8 percent. While partially reflecting inflation via 
"fuel clauses" excluded the delayed effects of price restraints, the current 
prediction is a doubling of prices by 1985 perhaps foreshadowing: 

(a) Higher prices for non-interruptible supplies. 

(b) Changed tarriff structures. 

The 1972 production costs, perhaps more relevant to pumped storage, are 
summarised in Table VI. 

TABLE VI 

C.E.G.B. PRODUCTIONS COSTS (20) 

Plant Type 

Nuclear (Magnox) 

Fossil Fuel 

Old Steam Plant (1930-39) 

Coal (Mine Area based) 

Heavy Oil (500 MW Units) 

Installed Generating Capacity 

Maximum System Demand (January 1973) 

System Reliability 

Costs New Pence/ 
kWh 

0.10 

1.10 

0.27 

0.20 

56GW 

40GW 

99.98% 
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B. Nuclear Energy. E.E.C. confidence in nuclear energy is not un
bounded and while 15-30 percent power may come from this source, there are 
signs that such programmes, already under pressure, may give rise to acute 
problems if fuel supplies, station reliability and safety do not come up to 
expectations and plants become threatened by shortened life, derating, 
decommissioning and other considerations: 

I. Little seems to be known about world uranium reserves but pointers 
to impending shortages are: 

(i) Pressure by some RWE shareholders (21) to allocate part of the 
1971-72 dividend to new fuel research and to insurance against 
failure of a prospecting subsidiary. 

(ii) U.N. Resources Committee (22) predictions of an energy crisis 
if 1.5 million tons of uranium ores are not discovered within 
10-15 years. 

II. Exposure to inflationary trends, as with imported oil, exceeding the 
recent 2.5 percent, .now seems inevitable. The Western European 
market for enriched uranium by 1980 is forecast at 20,000 
tons/annum, and anticipated price rises are now forcing staged 
investment of some £1500 million (23). 

III. Concern for nuclear reactor costs and safety, spent fuel disposal 
aside, also comes from some RWE shareholders (21) wanting to 
allocate from profits: 

(i) DM. 30 million for improving existing nuclear station safety. 

(ii) DM. 30 million against uninsured claims. 

(iii) An unspecified sum for investigating steam turbine blade 
failures. 

lV. An RWE (21) warning that nuclear station construction times may 
double and, with delayed consents for sites, may jeopardise 
electricity supplies within 10 years. 

(iii) Fossil Fuels. 

A. U.K. Situation. In retrospect the Severn Barrage Tidal Power Scheme, 
with pumped storage for firming up capacity, would now be viable, although 
only marginally so when proposed in: 
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1935 and rejected because of opposition from the then privately owned 
coal industry. 

1944 as a coal saver for reputedly dwindling resources. 

Because oil companies have had to assign major shares of their Middle East 
concessions to host nations, there is now substantial support for the indigenous . 
coal industry on technical, regional and social grounds with forecasts of 
adequate supplies. While coal therefore seems likely to remain dominant, the 
delivery, processing and anti-pollution costs, ash content and calorific value will 
not necessarily improve. 

The energy contributed by oil is expected to fall by the end of the century 
and North Sea gas and oil estimates are uncertain as to extent, location and 
delivered costs. There are also ideas, without meaningful costs but partly 
sustained by the "Delphi" findings, that new utilisation frontiers are imminent. 

High labour costs and other factors leave coai and oil prone to inflation and 
exploitation risks so that pumping energy costs may rise to 0.40 - 0.50 p/kWh. It 
is tempting to conclude, albeit cautiously, that with the present family of 
thermal stations moving into two-shift operation, the prevailing ratios of peak 
energy values to base load energy costs will continu~. Thermal station 
efficiencies may improve marginally but, apart from being expensive and 
unreliable for peaking, perhaps the status-quo will remain undisturbed for 
pumped storage and may be enhanced by more effective evaluation of its 
intangible benefits for system operation. It must, however, be demonstrated 
that, on balance, fuel is saved and preferably without worsening the situation in 
the early years. 

B. Westem European Situation. This can be couched in slightly different 
terms. Oil imports: 

(a) Between 1961-71 from the Middle East and North Africa grew from 
205 to 815 million tonnes with 80 percent of 40,000 million 
reserves in these politically unstable regions; 

(b) Are expected to rise to 1040 million tonnes by 1985 to produce 60 
percent of E.E.C. energy. 

Against backgrounds of concern for: 

(i) Effective use and the environment, 

(ii) Diminished dependence on oil imports by building up indigenous 
resources, 
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(iii) North Sea oil constituting only 16-17 percent of requirements around 
1980-85, 

the need for an E.E.C. "Fuel and Energy" policy becomes evident. There are 
already references to insurance against mounting oil prices by: 

(a) Sharing local discoveries of oil and natural gas. 

(b) Support for the coal industries requiring long lead times and massive 
investments. 

( c) Nuclear energy which it should be noted can only be used electrically. 

Whether an E.E.C. "Energy Commission" can, inter alia, maintain an equitable 
fuel policy and reconcile conflicting national interests seems problematical for· 
experience shows that internal and external events can unpredictably modify 
availability and/or price. 

Other Aspects. 

(i) Marginal and Intangible Operating Benefits. Neglect of spinning reserve, 
load-frequency: control, flexibility, reliabiltty and other operational benefits can 
give false impressions of high costs/kWh but are the least satisfactorily defined 
elements in system-based financial terms. Some of these advantages are, 
however, becoming less valid than hitherto as gas turbine competition becomes 
aware of them and develops appropriate matching techniques. Although these 
pumped storage benefits may be amenable to economic assessment, there is need 
for published data coupled with production system characteristics preferably 
substantiated by post-commissioning evaluations confirming: 

(a) In-service reliability and peak power availability. 

(b) Rapid start up/loading, block load acceptance/shedding and quick 
change-over to pumping with large scale consumer disconnections. 

(c) Participation in network reactive power, voltage and load-frequency 
control. 

( d) Spinning reserve utilisation. 

(e) Rapid load variation and high power gradient response and peak load 
following ability. 

Currently fossil fueled stations are displaced upwards in merit order with 
acknowledged operational and economic consequences of two-shift or partial 
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load working already causing anxiety. There are few coherent ideas for nuclear 
stations if ,and when they constitute a predominant fraction of the infra
structure. Parity is expected by 1990. 

(ii) Engineering Standards. The so-called harmonising legislation within 
E.E.C. may have stimulating influences on the uncoordinated European· design 
and construction standards and, inter alia, codes of practice and labour laws. It is 
thought that codification will take 10-15 years but nevertheless it is already 
impinging on pumped storage by embracing civil engineering and plant contracts. 
It may also become influential in respect of capital and other costs and the 
activities of such bodies as the International Standards Organisation (ISO) and 
the International Electro-technical Commission (IEC). 

(iii) Research and Development. Freeman's long association with major civil 
engineering works no doubt gave him more than passing interest in research and 
development and indeed it might be said that M.I.T.'s international reputation 
had its origins in his anticipation of the future, but today there are needs to 
generate new ideas applicable to pumped storage over the next 10-15 years, 
rather than in the longer term. Freeman probably encountered and satisfied 
similar problems to the standards of his times but he could hardly have visualised 
the magnitude of the vexatious questions in modern power system development 
of which pumped storage is and will be a small and perhaps disproportionately 
troublesome fragment. 

Broadly, Western European engineering research seems adequately orientated 
without major overlapping. Whether this is fortuitous or results from co
ordinated academic and commercial interests is difficult to establish. In any case 
pumped storage is only incidental to wider national aspirations. This is perhaps 
fortunate since, apart from spin-off and environmental/ecological investigations 
about which there is little information, pumped storage research on its own 
seems unlikely to attract much financial support relative to that being allocated 
to support Western European network investments and to counter future 
challenges. 

Economic Conclusions. While the current outlooks for pure pumped storage 
in Europe (15 percent annual growth) are encouraging, most of the parameters 
influencing power supply economics generally make it prudent to conclude that 
it will play a minor part in Western European network operation and even this 
may not pass unchallenged when exposed to major policy questions. This has 
always been so, but changes are now so rapid that valid conclusions today may 
be invalid in the future and sometimes before construction is complete. 
Technical, political and social demands now seem to be indicating closer 
association with the other essential needs of intensely populated regions, and to 
remain viable pumped storage should: 
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(i) Endeavour to ally itself more positively than hitherto with benefits 
which might accrue from incorporation in and contribution to multi
purpose schemes, 

(ii) Counter the environmental and ecological challenges which now face it, 

(iii) Couple better evaluations of its uses and system operational advantages 
with convincing consumers that the costs of maintaining reliable 
electricity supplies must be met. 

It must also be recognised that unless all aspects are expressed in monetary terms 
and generated benefits logically presented without minimising the drawbacks 
particularly for new · concepts and designs, pumped storage will not elude 
objections which may nullify even the small contribution now assigned to it. At 
present there seem to be needs for compatibility between comparisons and, 
where differences are within limits of estimating errors, financial conclusions 
require backing by sensitivity tests. 

The questions which seem to arise from this survey are whether for pure 
pumped storage, in Western Europe: 

(a) Too long a view is being taken of the operational benefits. 

(b) In a growth climate, increasing population and potential opposition, land 
demands/ competition, regulatory body activities, approval procedures 
and site feasibility proving,. coupled with mounting construction costs 
and interest rates, are making investments questionable relative to 
cheaper alternatives. 

( c) Compact, quickly constructed gas turbine plants located within the 
boundaries of thermal stations for other purposes are or will become 
adaptable to the advantages of pumped storage where claims of deferred 
construction of other forms of generation are now valid only in the short 
term, if at all. Improved operational flexibility, reliability, and fuel 
·consumption may combine with social/environmental objections to 
pumped storage to give gas turbines wider acceptance than hitherto. 

(d) Survival does not depend on under-pinning with other uses from which 
more tangible social benefits accrue. 

(e) Civil engineering procedures can reduce or maintain cost parity against 
inflationary and other trends. 

(f) Cost-effective techniques and marginal benefits, carry sufficient convic
tion to bridge the lay credibility gap. 
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(g} Economic stability in those regions where local labour, materials and 
I finance possibly with indigenous fuel and hydro-electric resources might 

benefit from pumped storage. 

(h) More than 3.8 percent could be accommodated economically within the 
topographical limitations in the face of growing environmental objec
tions. 

7. The Future 

Opposition to land-based power plants is fostering ideas on off-shore 
installations in association with submarine oil and gas fields following the 
discovery of reserves which encouraged the belief in independence of imported 
fuels. Reality is less optimistic in terms of extent and life of such resources, 
exploitation costs and environmental impacts both on and off-shore. With the 
recollections that land-based situations had their origins in similar philosophies, 
fossil and nuclear sea-based power concentrations may be unwelcome in Western 
Europe on grounds of: 

(i) Atmospheric and ocean environmental damage, 

(ii) Coastal urban development, maritime facilities and population growth. 

There will no doubt be attempts to match such developments, where adopted, to 
shore-based or coastal surface or sub-surface pumped storage, but the outcome 
seems likely to depend on successful commercial utilisation of advanced 
research. There are exciting long-term prospects for intensive energy production 
including coal gasification and liquefaction, fast breeder and high temperature 
gas reactors, thermo-nuclear fusion, magneto-hydrodynamics and perhaps for 
tidal, geo-thermal, aeolian and solar energy which, in helping to ease the energy 
crisis, may have to be allied with some form of electrical energy storage. The sea 
as an energy source seems more speculative. 

While the "Delphi" long-range predictions (24) of 2000 MW turbo-generators, 
and 6000 MW power stations coupled with those of stable world population and 
decreased energy consumption/capita by 1990 are not beyond conjecture, it 
remains to be seen whether, within Western Europe, such stations together with 
superconducting generators, cables and transformers, will influence the need or 
otherwise for correspondingly large pumped storage plants. 

Superficially, at least, there are no technical barriers to expansion and while 
the U.K. costs for two oil-fired stations totalling 6000 MW are estimated to cost 
around £93/kW (25) compared with the £45 - 50/kW for the projected Dinorwic 
Pumped Storage Scheme (1400-1700 MW) (25A), as typical of Western Europe, 
is hopeful, cautious economic optimism must be coloured by the potential 
impact of: 
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(i) The future outlook on environmental questions. 

(ii) Developments emanating from current research. 
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For example, there are now claims that fuel cells will become practicable within 
10-15 years (24) and that they will be: 

(i) Inconspicuous and less space demanding than conventional plant thus 
easing site selection. 

(ii) Non-polluting and require no cooling water. 

(iii) Inherently more efficient than thermal plant. 

(iv) Suitable for base, peak and load following duties. 

(v) Less demanding in construction time. 

"Delphi" also forecasts efficient electrical energy storage by 1990-2000 
presumably envisaging metal fluorides where research suggests that: 

(a) Eutetic mixtures have high stored energy capacity for driving Stirling 
cycle heat engines. 

(b) Such heat stores in power stations could: 

(i) Help meet peak loads and absorb off-peak energy. 

(ii) Supply night load~ and back-up solar plants. 

If such claims are genuine they do not encourage long-term investment in 
pumped storage. They are, however, neither firmly coupled to prospective 
development, capital and operating costs, nor to dependence on indigenous 
and/or imported materials. Recent ambitious innovations are attracting increas
ing public scepticism in costs of and benefits from new developments but if the 
gloomy prognostications of the "Club of Rome" are credible, new energy 
sources seem vital. 

In retrospect, and recalling nuclear energy as an example of large scale 
exploitation, it seems that even the upper quartile segment of the "Delphi" 
predictions will be realised only if technical considerations predominate over all 
others. If so, it seems equally evident that much intensive development must 
become the responsibility of the present generation of science and technology 
based engineers; and that Freeman's philosophies of continuing education, 
training and responsibility plus inter-disciplinary experience for, and participa
tion in, national affairs and concern for public and engineering safety will be 
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inescapable, for the "Delphi" conclusions on international environmental 
co-operation and energy production are less than hopeful. While this might 
improve the prospects for pumped storage, it does appear, as a personal and 
pessimistic opinion, that alone the probabilities of its expansion or even survival 
beyond the end of this century are remote. 

8. Conclusions 

In Western Europe there seem to be needs for "Society" to recognise that 
professional engineers' contributions are not subservient to finance, conservation, 
administration and legal organisations with limited responsibility for the 
imminent water and energy dilemmas. Effective participation is vital in achieving 
multi-disciplinary objectives but engineers must learn, and learn quickly, to 
communicate constructively with the other professions and indeed the public at 
large. Even when isolated from its electrical system operational functions, 
pumped storage in its various forms is an almost classical example of such needs. 
All the professions are today more closely allied than seems to be realised but 
some fail to offer constructive guidance in time or terms for alternative 
proposals or response to difficulties or objections; and too frequently delays 
result or decisions go by default. The days of professional detachment and 
commitment to the future consequences are approaching an end for electricity 
and water supply projects are already vulnerable to delays in: 

(i) Consents due to absence of speedy procedures. 

(ii) Plant Investment allocations. 

(iii) Exploitation of Indigenous Fuels and more effective utilisation. 

In Western Europe there· are "clouds" and even "storm warnings"· of 
impending power and water crises of which pumped storage is only one element. 
There are, nevertheless, no shortages of hydraulically orientated problems 
awaiting solution by those with research, mathematical, engineering design and 
construction inclinations but inter-disciplinary interface experience is needed 
not only to identify them but also to justify investigation on cost-effective bases. 
To quote Omar Khyam: 

"The moving finger writes and having writ moves on". 

The question now is whether science, technology and the allied professions can 
intervene in time to counter the remaining: 

"and neither piety nor wit can change one word of it". 
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Assuredly we can and must if man is to remain "master of his destiny". This 
brings us back in no uncertain terms to Freeman's emphasis on youthful 
enterprise in the broadest senses; for new forms of power generation and perhaps 
transmission may bring social, political, environmental and technical problems 
just as nuclear power has done and is still doing. Unless these are resolved, the 
charter aims of your kindred U.K. Society, the "Institution of Civil Engineers" 
of: 

"Harnessing the forces of nature for the convenience and service of man" 

will not be fulfilled. It is later than we think and it is time to make a closer 
analysis of existing and future forms of power generation, their prospects and 
limitations and the future needs for energy and water coupled with pumped 
storage in association with multi-purpose utilisation to confirm or otherwise that 
such facilities can make more use than the 3.8 percent contribution in power 
which is attached to it in current predictions. 

This "address" was stimulated not only by Freeman's engineering activities 
but also by his humanity and liberal concern for his colleagues and, as presented 
in the narrower but cogent framework of "Hydro-Electric Pumped Storage in 
Western Europe", it is with the. hope that it may help rekindle the waning 
interest. of younger engineers in heavy civil, mechanical and electrical undertak
ings; and to stir the need for imaginative, creative and synthetic as distinct from 
analytical ·approaches despite their importance in reaching the ultimate 
objectives. Finally, if it has, in a limited way, contributed something, at least for 
discussion, it may also have served to strengthen European and American 
professional ties which was perhaps implicit in your sponsors' invitation to 
present this the "Eighth John R. Freeman Memorial Lecture". 
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