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PREFACE AND ACKNOWLEDGMENTS 

The push for utility industry restructuring and regulatory reform, now evident in a number 
of countries in Europe and elsewhere, is driven mainly by economic motivations. With 
economies of scale in power generation largely gone, so the thinking goes, a competitive 
industry model could provide a significant economic benefit to ratepayers and society. 
Support for such reform is particularly strong among larger commercial and industrial 
utility customers who can expect to obtain lower electricity rates in a deregulated electricity 
system. 

The present report points to another economic prize that is equally large or larger, but at 
risk of being forgotten. This prize is found in the enormous potential for using electricity 
more efficiently, bom in a technical and in an economic sense. It is available as a result of 
pervasive problems in the markets for energy efficiency. As in other areas of the economy, 
investments in economically efficient levels of improved end-use technologies are 
hampered by large transaction costs and other intangible costs. Part 1 of the IPSEP study 
reviewed persuasive evidence that these market failures and market barriers have created a 
large backlog of unrealized money-saving energy efficiency investments. The present 
report adds further substantiation to this finding. 

As a result of 15 years of experimentation in many countries, proven policy instruments 
now exist that can cost-effectively reduce or entirely eliminate these transaction costs at 
typically small administrative expense. One such major market transformation tool is the 
set of voluntary or legally mandated energy efficiency standards for electricity-consuming 
appliances, building shells and equipment. An equally important complementary market 
transformation approach is found in utility-sponsored demand-side management and 
technology procurement programs. Such programs have been successfully implemented 
by hundreds of utilities and many state and local governments in North America and 
increasingly also in Western Europe and elsewhere. 

As deregulation proceeds, the traditional financing mechanism for these utility-sponsored 
energy efficiency programs — somewhat higher rates for the benefit of significantly lower 
electricity bills—is being lost unless a non-bypassable surcharge on all sales is instituted. 
However, support for this type of alternative financing mechanism cannot be strong unless 
policy makers and the public recognize the full economic benefits of doing so. The same 
goes for instituting cost-effective government energy efficiency standards — a process that 
has been proceeding only with difficulty in the European Union. 

This is where the present study is of key importance. It quantifies the economic prize 
Western Europe can win from using electricity more efficiently. Our study does so not 
only in unprecedented detail, but also with special attention to the many important 
conceptual issues that arise when detemining the real cost of electricity savings. 

Responding to the ongoing debate between theoretical economists and empirically oriented 
energy economic analysts, our report addresses 21 different factors that determine the true 
cost of energy efficiency. These factors not only include such issues as the administrative 
costs for implementing energy efficiency policies and programs, the indirect costs for 
replacement space heating or cooling requirements in buildings, and the difference between 



ex ante savings estimates from engineering-economic modeling and the ex post results from 
verification in the field, but also the often neglected substantial reductions in transmission 
and distribution costs, and important policy feedbacks on the prices of energy efficient 
technologies and fossil fuels. 

Aside from determining economic costs with a new level of sophistication, we also clarify 
the question of future growth in electricity demand. How important are robotics, 
computerization, changes in industrial processes, the home office and telecommunications 
for future electricity needs? Does power consumption need to continue to rise in lockstep 
with economic growth as projected in the past? What energy efficiency improvements are 
feasible in these new or previously less studied areas? 

Our analysis in the present report shows that the trend of growing electricity use is not 
destiny: electricity use could decline even as energy services double over the next 30 years 
as predicted. In addition, more efficient electricity use could reduce utility sector carbon 
emissions in a major way. By doing so, energy efficiency investments can help protect the 
global environment while making money. 
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APPENDIX A.10.3 

TECHNOLOGIES FOR THE EFFICIENT USE 

OF ELECTRICITY 

A. THE COST AND POTENTIAL OF DEMAND-SIDE 
RESOURCES: ISSUES AND METHODS 

1. INTRODUCTION: CURRENT ISSUES 

Any economic analysis of energy futures is centrally shaped by two critical inputs: the unit 
costs of saved energy from investments in end-use efficiency improvements, and the size 
of the aggregate demand-side efficiency resources obtainable from such investments. 

The cost-effectiveness of many energy efficiency investments has come to be widely 
recognized over the last fifteen years. Indeed, this recognition has spawned a variety of 
innovative regulatory and incentive programs to promote energy efficiency. With the 
spread of these programs grew interest in a more precise economic assessment of energy 
efficiency investments, m recent years, progress toward greater refinement has occurred in 
three areas: (1) the conceptual framework for describing the economics of energy 
efficiency investments, (2) the databases used for quantifying the costs and benefits of 
these investments under alternative policy scenarios, and (3) the different indirect costs and 
feedback effects associated with alternative policies. In order to understand the quantitative 
findings of this report, it is necessary to place its methodology into the context of these 
developments. This is the purpose of this introductory section. 
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Conceptual framework 

Early economic assessments of energy efficiency investments were limited to those cost 
components recognized in engineering-economic life cycle cost or project cost analysis. 
Conceptually, the engineering-economic treatment of energy efficiency resources meshes 
well with utility sector supply-side analysis, where the same engineering-economic 
approach is used to evaluate alternative generating options. 

The cost-effectiveness tests developed as part of the formal procedures of utility sector least 
cost planning (LCP) are based on integrating energy efficiency with supply-side resources 
on the same engineering-economic basis (Krause and Eto 1988). A defining element in the 
societal and other cost-effectiveness tests used in LCP is that the cost and value of a kWh 
saved can be satisfactorily approximated by the cost concepts used in engineering-economic 
and project cost analysis. Based on this framework, the cost of a kWh saved is assumed to 
equal the levelized investment and O&M cost of the energy efficiency measures (plus any 
program administration costs). The value of a kWh saved is determined by the avoided 
cost on the supply side of the power sector (generation, transmission, and distribution), 
which is calculated in an analogous manner from engineering-economic data. 

As energy efficiency became a more serious and large-scale element of energy policy, these 
approximate cost-effectiveness tests for energy efficiency measures came under increasing 
scrutiny by economists. This led to a lively debate centered on two issues. One was the 
claim that the simplified tests based on comparing demand-side efficiency costs with 
avoided supply costs should be replaced with more rigorous value-based tests derived from 
a broader economic framework. The second was the claim that energy efficiency measures 
were not as cost-effective as engineering-economic life cycle cost analysis suggested, due 
to various hidden or intangible costs borne by consumers but not counted in the tests. 

Value-based cost-effectiveness tests 

The value-based tests proposed by several economists1 are designed to account for the 
secondary reductions in energy consumption mat arise when energy efficiency investments 
are financed in such a way as to raise electricity prices. According to these proposals, the 
estimated losses of consumer value associated with this effect should be incorporated into 
the costs of energy efficiency savings on the basis of price elasticities. 

In principle, these value-based formulations also permit recognition and explicit treatment 
of an effect in the opposite direction, i.e., gains in consumer value beyond avoided 
electricity costs that arise because energy efficiency investments lower the effective prices 
of energy services. However, this correction, — which increases the value of energy 
efficiency improvements or, put another way, reduces their effective price, — has received 
less emphasis in this literature. Other economic benefits that arise from energy efficiency 
policies in the aggregate, such as the depression of fossil fuel prices relative to business-as-
usual projections and the reduction of expenditures for environmental impact abatement, are 
not incorporated at all in these value-based tests. 

These remaining shortcomings notwithstanding, value-based formulations have gained 
acceptance as a more satisfactory theoretical framework for assessing the economics of 

1 See, for example, Braitbwait and Caves (1992) and Hobbs (1991). 
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energy efficiency policies. However, whether the adoption of value-based tests would 
significantly change the benefit/cost ratios of energy efficiency programs remains in 
question. Braithwait and Caves (1992) show that such corrections would be negligible 
provided that significant increases in electricity rates can be avoided and/or the price 
elasticity of electricity use is low. Below, we examine the issue of higher prices. 

Impact of energy efficiency policies on electricity prices 

Whether electricity rates are increased by energy efficiency investments in practice depends 
on the policy instrument chosen. For a major portion of electrical efficiency resources, 
implementation will not significantly affect electricity prices, since it is done most 
effectively and cost-efficiently through energy efficiency standards or through voluntary 
programs involving manufacturers. When relying on these policy instruments, the only 
price increase that may arise is from the distribution of the cost of delivered electricity 
across fewer kWh sales than in the reference case. For a longer time horizon, this is a 
minor effect Sunk costs in excess capacity can be ignored in so far as long-term utility 
resource plans can be adjusted to reflect lower electricity demand before new supply-side 
investments are undertaken. The only remaining fixed cost issue is the customer-related (as 
opposed to kWh-related) portion of delivering electricity. Only under very aggressive 
implementation programs will these customer-related costs create a significant price effect 
of their own (see Section M below). 

If energy efficiency investments are financed through utility rates, price impacts will be 
higher than with government efficiency standards. Assuming cost recovery under 
conventional cost-of-service regulation, incentives and administrative program costs now 
add to the price impact from having to spread sunk fixed customer-related costs over fewer 
kWh. 

Here it is important to remember that higher electricity prices could even be beneficial to the 
economy as a whole. For example, electricity savings could be financed through energy 
taxes coupled to tax shifts that benefit the economy (see Part 1 of the IPSEP study). This 
approach would reduce or possibly entirely eliminate any net losses of consumer value 
from higher electricity prices. Similarly, higher electricity prices may simply be 
economically efficient and necessary to reflect environmental and other externalities (see 
Part 3C, 3D, and 3E of the IPSEP study). In both cases, higher electricity prices are 
beneficial rather than economically detrimental. 

More fundamentally, all policies for implementing energy efficiency potentials with 
favorable life cycle costs have the effect of lowering energy service costs. All else being 
equal, this cost drop (reflected in lower electricity bills) will lead to increased consumption 
of energy services (and therefore electricity) as well as higher consumption in non-energy 
goods and services, which adds indirect value to the direct benefits of energy efficiency. 
And as mentioned, the drop in energy prices (relative to business-as-usual based price 
projections) that is induced by slower growth in demand adds a further economic benefit 

The net economic effect, then, will depend among other things on the relative magnitudes 
of the price elasticity of electricity use on the one hand and on the price elasticity of energy 
service consumption on the other hand, as well as on the demand elasticity of fuel prices. 
All these need to be considered. The value-based tests proposed in the utility regulation 
literature do not fully succeed in treating the price elasticity issue, and fail entirely to 
acknowledge the demand elasticity issue, which is clearly important for national policy 
making. Our treatment of these issues in the present report is further discussed in Section 
B below. 
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Can policy cost-effectively reduce transaction costs and other market barriers? 

A second issue in the debate over the proper conceptual framework for economic energy 
efficiency assessments is the interpretation of the energy efficiency gap. This refers to the 
observed gap between the pronounced cost-effectiveness of most energy efficiency 
measures when examined on an engineering-economic life cycle cost basis, and the low 
levels of actual adoption of energy efficient equipment in the energy service markets. Some 
economists have argued that this gap likely does not really exist because the real costs of 
energy efficiency are significantly higher than estimated in engineering-economic analyses. 
They thus imply that markets are functioning in a close to optimal fashion that does not 
warrant government intervention.2 

Higher costs per kWh saved have been predicted on the basis of two factors: (1) the 
engineering-economic ex ante estimates of energy savings made in early studies and 
programs are not always fully realized in ex post field measurements; and (2) the non-
adoption of energy efficiency measures could, in principle, be explained by the widespread 
presence of a variety of intangible costs (e.g., installation costs borne by the customer, 
other transaction costs, information costs, uncertainty, loss of amenity, etc.). Since 
intangible costs are not reflected in the price of energy-efficient technologies, they could 
thus remain unaccounted for in engineering-economic estimates. 

Though most economists would concede that public policy interventions might, in 

Erinciple, reduce these intangible costs through regulatory or incentive mechanisms, some 
ave suggested that the evidence on the cost-effectiveness of such policy interventions is 

insufficient to conclude that significant cost-saving energy efficiency potentials could 
indeed be mobilized. 

Improved empirical data 

Until recently, the above conceptual debate has been conducted in large part by theoretical 
economists who neither had nor, apparently, sought much familiarity with empirical 
research and on-the-ground developments in the energy efficiency field. Most important 
among these empirical research developments are the extensive body of impact and process 
evaluation studies spawned by the rise in government and utility-sponsored energy 
efficiency incentive programs in the U.S. and elsewhere. 

Impact evaluation studies measure actual savings obtained in energy efficiency programs. 
They rely on actual field experience with real users of energy-efficient equipment and have 
shown that in well-designed programs, high realization rates of ex ante savings estimates 
are routinely achieved. The same studies have also refined the databases showing typical 
costs of energy efficiency technologies under current market conditions. These improved 
data have allowed a more accurate assessment of the costs and benefits of energy efficiency 
investments and of the energy and cost savings that can be reliably expected from specific 
technologies. They are especially beneficial to individual investors or utilities that consider 
near-term projects or demand-side management (DSM) programs. 

Process evaluation studies identify the nature and magnitude of current transaction costs 
and other intangible costs, as well as intangible benefits such as gains in comfort and 

2 See, e.g. Sutherland (1991). 
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reliability. They also reveal the degree to which policy programs are succeeding in cost-
effectively reducing or eliminating intangible costs. 

As shown in Part 1 and further discussed below, these evaluation studies have empirically 
established that most energy efficiency options fail to be widely and quickly adopted due to 
high intangible costs, but that these costs can be reduced or eliminated through policy 
intervention. The same studies have shown that policy programs can achieve dramatic 
increases in energy efficiency adoption rates, and that the administrative costs of doing so 
are small enough to preserve the cost-effectiveness of the sponsored energy efficiency 
improvements (Krause et al. 1994, Levine et aL 1994). 

Feedback effects 

The same more sophisticated data that constitute a major improvement for assessing the 
cost-effectiveness of near-term investments and incentive programs can be inadequate and 
even misleading if used in policy-making studies where longer-term considerations are 
important. A case in point are assessments of the cost to society of reducing carbon 
emissions from the energy sector over the next 20-40 years. For policy-oriented analyses 
with this time horizon, a further refinement of economic assessments is needed, one that 
takes into account the dynamic feedbacks on technology performance and costs created by 
energy efficiency policies themselves. 

Fortunately, the empirical basis for quantifying and incorporating such feedbacks has also 
improved markedly over the last fifteen years, due to the growing field experience with 
policy interventions and new market arrangements. As a result it is now easier to provide 
estimates of the costs of conserved energy as a function of policy measures, and over time 
horizons that go beyond the next few years. 

Similarly, data are emerging that indicate how the administrative costs of alternative policies 
might be lowered over time as innovative designs are more widely adopted. These trends 
are further discussed in Section B. 

Biases in past cost assessments 

Until now, few studies have recognized the need for an expanded scope and different kind 
of energy efficiency data when engaging in policy analysis as opposed to project cost 
analysis. All too often, scenario calculations are offered to decision-makers in which the 
economics of energy efficiency have been derived from databases that are most suitable for 
use by individual investors or planners of near-term utility rebate programs, not for policy 
analysis covering a time horizon of one to several decades. 

Specifically, these data bases tend to reflect current market prices for technologies, or 
expected price trends under status quo conditions only, not under conditions where policies 
strongly support the rapid diffusion and update of these technologies. Also, the cost 
boundary tends to be drawn too tightly, ignoring important secondary savings or costs in 
the electricity supply and distribution system at large, hi fact, the failure to capture these 
utility system effects is one of the major drawbacks of databases relying on project cost 
analysis. 

As shown in this report, the widespread failure to use the right data for the right analysis 
has led to a pervasive overestimation of the cost of saved energy in energy policy studies, 
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even when — as is the case in most studies — major savings potentials are found to be 
economically cost-effective. 

These distortions in estimating the costs of energy efficiency resources are of special 
concern in dealing with global climate change, since the economic savings from efficiency 
investments could, in principle, be used to pay for additional carbon reduction measures 
that are not cost-effective in their own right Thus, an improved methodology and a more 
careful, policy-dependent analysis of energy efficiency economics is needed. The 
following section illustrates the requisite methodology. 

2. SCOPE OF ECONOMIC ANALYSIS AND BASIC CONCEPTS 

To obtain conceptually sound estimates of the costs of energy efficiency, we have 
translated the above discussion into a checklist of cost components that should be 
quantified or otherwise addressed in a policy-oriented analyses. Using this checklist as a 
basis, we then review the data and case studies that are available for each cost component 
We further clarify how these data are being used in the scenario analysis of this report 
giving special attention to the treatment of data uncertainties. 

Cost components and feedback effects considered in this study 

In the present study, the cost assessment of energy efficiency improvements includes 
explicit analysis of the following 21 items: 

v Direct energy savings 

1) The full range of available technologies and relevant packages of 
measures — including downstream savings opportunities — that 
is consistent with the policy context and time horizon under study; 

2) Electricity savings and emission effects from switching end-uses 
from electricity to fuels; 

3) Changes in electricity demand and emission effects from switching 
end-uses from fuels to electricity; 

4) Calculated (ex ante) versus measured (ex post) energy savings; 
5) Technical potential versus achievable potential as a function of the 

time horizon and the policy scenario; 
Indirect energy savings and penalties 

6) Impacts of efficiency improvements in electrical end-uses other 
than space conditioning on electricity and fuel requirements for 
space conditioning; 

7) Impacts of electrical efficiency investments on water use, materials 
use, and industrial process energy requirements; 

8) Impacts of recycling and other materials efficiency policies on 
electricity use; 
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Direct economic costs 
9) Choice of discount rate consistent with the context of policy 

analysis 
10) Gross versus net costs of energy efficiency investments based on 

levelized investment, installation, operating, and maintenance 
(O&M) costs after accounting for cost savings from downsizing of 
end-use devices and downstream or upstream equipment, such as 
heaters, air conditioners, motors, etc., and/or changes in O&M 
costs and useful service life; 

Indirect economic costs and benefits 

11) Indirect economic effects of energy-efficiency investments due to 
changed space conditioning requirements in buildings; 

12) Indirect economic effects of energy-efficiency due to changes in 
non-energy requirements (water, materials, etc.) in industrial 
manufacturing and other processes; 

Utility system costs and benefits 

13) Avoided costs of electric generation, including avoided 
environmental externalities; 

14) Indirect economic effects due to changes in load shapes; 
15) Indirect savings at the level of electricity transmission and 

distribution; 
Other indirect costs and benefits 
16) Intangible costs due to high information and transaction costs, 

uncertainty, etc., in optimizing energy efficiency levels; 
17) Intangible costs or benefits due to losses or gains in the consumer 

utility of end-use devices and energy services (e.g. amenity gains, 
installation problems, etc.); 

18) Administrative costs of implementing policies and programs, 
including free rider effects, savings verification costs, and changes 
from increased technology penetration levels and experience 
gained with innovative program designs; 

Economic feedback effects 

19) Impacts of market transformation policies on the cost of energy 
efficient technologies under alternative policy scenarios, due to 
accelerated product innovation and shifts of energy-efficient 
products from niche markets to core markets; 

20) Impacts of reduced costs and effective prices of electrical energy 
services on demand for energy services, and associated gains in 
consumer value, when using cost-effective energy efficiency 
technologies (rebound or take-back effect). 

21) Impacts of electricity price increases on electricity demand that are 
caused by cost recovery for ratepayer-financed energy efficiency 
incentive programs, and associated losses in consumer value. 
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Most economic cost analyses of energy efficiency potentials that have been published to 
date fail to address several or most of the above components and feedbacks. Depending on 
which omissions are found, they may overestimate or underestimate the cost of saved 
energy by various amounts. 

The discussion in this Section clarifies several basic concepts, followed in Section B below 
by the quantification of those effects that are treated in our study on a cross-cutting basis. 
Table A. 10.3.1 summarizes the data and analytic approaches used in the present study to 
treat these factors. 

Definition of energy intensity factors and savings potentials 

A convenient concept for defining technical energy efficiency potentials is the energy 
intensity factor (EIF). The EIF is a fractional index of the future energy intensity of each 
energy service relative to the baseline. The technical savings potential or energy efficiency 
resource in TWh can be expressed as follows: 

Savings potential (TWh) = (1 - EIF) * Reference forecast (TWh) (1) 

Total future year energy use is calculated as follows: 

Energy use for end-use in future year (TWh) = EIF * growth factor * energy use for end-
use i in base year (1985) (2) 

As discussed in Part 1, Chapter 5 of the IPSEP study, the reference forecast can either be a 
frozen energy efficiency forecast or an econometricalry derived "business-as-usual" (BAU) 
forecast. In this study, the total savings are based on the BAU forecast. 

Definition of the cost of conserved energy 

In the context of the present study, the above-listed cost components and energy savings 
data are combined into one central economic metric, the cost of conserved energy (CCE). 
The cost of conserved energy is a marginal cost 

Definition 

The cost of conserved energy (CCE) is defined as 

C C E _ Annualized Capital Cost plus changes in annual O&M costs ,gv 
~ Annual Energy Savings *• ' 

Method of capital cost annualization 

To calculate annual fixed costs, we use the static annuity method. The capital recovery 
factor is defined as: 

CRF = ^ " f t (4) 
(d+r)L -1) K) 

Here r is the real discount rate and L is the investment lifetime (years). The CRF contains 
both the return o/investment (depreciation), and a return on investment. 
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Table A.MU.la: Treatment of energy efficiency in the IPSEP study: 

Energy savings components 

1) Comprehensive technology portfolio 

2) Switching electricity to fuel 

3) Switching fuel to electricity 

4) Measured versus calculated savings 

5) Technical versus achievable savings potential 

Indirect energy impacts 

6) Impacts on building HVAC energy use 

7) Impacts on water, materials, and industrial energy use 

8) Impacts of materials efficiency on energy requirements 

Direct and indirect cost components 

9) Discount rate 

10) Gross versus net investment incl. O&M costs and credit 

Quantification of energy savings and various costs or benefits 

Addressed 

qualitatively quantitatively 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Partially 

Yes 

Yes 

Partially 

Yes 

Yes 

Yes 

High/low 

range 

N/A 

No 

No 

No 

Yes 

Yes 

No 

No 

No 

Yes 

Summary of procedure 

Approach in IPSEP study 

PartSB 

Inclusion of both currently commercial and advanced technologies 
Inclusion of both upstream and downstream savings potentials 

Incorporated in energy service growth as a sensitivity case for selected thermal end-uses 
Incorporated through analysis of process substitutions in industrial end-uses 

Incorporated into business as usual projections of energy service growth 
Incorporated through analysis of process substitutions in industrial end-uses 

Review of evaluation studies on realization rates in utility DSM programs 
Use of field-verified savings percentages where available 

All scenario analyses are differentiated in terms of four level of policy effectiveness. 
The assumptions regarding achievable savings are consistent with the time horizon. 

High/low range for heating and cooling effects in buildings 

Inclusion of water savings in water heating end-uses 
Discussion of quantitative examples for materials and embedded energy effects 

Process analysis of recycling options in industrial sector analysis 

Discount rale is chosen in a manner thai is consistent with societal perspective. 
Within the applicable range, the high end (5 percent) is chosen as a conservatism 

Capital and O&M cost credits for savings in related end-use equipment 
Uncertainty range in technology costs is incorporated into cost-effectiveness assessment 

Other relevant 

Parts of 

IPSEP study 

4,5,6 

Part5 
Part 6 

PartS 
Part6 

Pait3A 
Part 2 

Part 5 

Part 6 

Part 6 

Parti 
Part3C 

4,5.6 



Table A.lOJ.lb: Treatment of energy efficiency in the IPSEP study (continued). 

11) Costs or benefits from indirect energy impacts 

12) Costs or benefits from changed non-energy requirement 

Utility system costs and benefits 

13) Avoided generating requirements and 
environmental impacts 

14) Load shape impacts 

IS) Avoided T&D requirements 

Other indirect costs and benefits 

16) Transaction costs 

17) Changes in consumer utility 

18) Costs of policy administration 

Economic feedback effects 

19) Market transformation impacts on technology costs 

20) Impact of electricity price changes on demand 

21) Impact of energy service cost changes on demand 

Summary of procedure 

Addressed 

qualitatively quantitatively 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Partially 

Yes 

No 

Yes 

No 

No 

Yes 

Yes 

Partially 

Partially 

High/low 

range 

Yes 

No 

Yes 

No 

Yes . 

No 

No 

Yes 

Yes 

Partially 

Partially 

Approach in IPSEP study 

PartSB 

Cost correction for space conditioning impacts using projected fuel and electricity prices 

Cost credit for saved water in water heating end-uses 
Cost credit for non-energy savings in some industrial process end-uses 

Avoided costs developed on a consistent discounting basis 
Quantification of avoided environmental externality costs 

Load shape in final year assumed to be same as in base year 

Derived from representative FRG and U.S. case study data 

Review of experience with policy instruments that reduce or eliminate transaction costs 

Review of amenity effects based on technology features and process evaluation results 

Review of administrative, free rider, and verification costs from evaluation studies 

Changed manufacturerAetail mark-up on production cost of energy efficient technologies 

Electricity price increases quantified as a function of mix of policy instruments 
Impact of higher prices on demand offset by lower energy service prices 

Reductions in energy service costs calculated as change in total electricity bills 
Impact of lower bills offsets demand reduction from higher electricity prices 

Other relevant 

Parts of 

IPSEP study 

3A.3C.5 

Parte 

3A, 3C-3E 

3A 

3C.3D 

Parti 

Part I 

Parti 

Parti 

Part3A 
Parti 

Part3A 
Parti 



Economic perspective 

The above formula shows that the cost of saved energy is strongly dependent on the 
discount rate. The discount rate depends on the economic perspective taken: consumer, 
utility, or society. For purposes of policy analysis, it is important to base economic 
assessments on the societal perspective. 

Societal and total resource cost perspective 

The economic perspective on electricity efficiency investments that is used in the present 
study includes consideration of all cost components of energy efficiency investments, even 
if portions of them are dispersed among consumers, governments, and utilities. The focus 
is on societal options to meet the demand for electrical energy services at least economic 
cost including environmental and other externality impacts. 

This societal perspective is equivalent to the neoclassical economic efficiency perspective 
that underlies the practice of integrated resource planning (IRP). What counts in the 
neoclassical definition of economic efficiency is the delivery of energy services at the 
lowest marginal cost to society, including environmental and other external costs, but 
irrespective of sunk costs. 

Because of uncertainties in quantifying environmental and other external costs, most 
economic cost assessments are based on marginal costs excluding externalities. This 
modified societal perspective is also called the total resource cost perspective.3 

Some researchers analyze the economics of energy efficiency from a consumer perspective 
rather than a total resource cost perspective. Here, the costs of electricity savings are 
simply compared to current utility rates for electricity consumption. Though valuable and 
informative, the consumer perspective is less fundamental and decisive for policy purposes 
than the total resource cost perspective. Policy decisions aiming to foster economic 
efficiency must be based on marginal cost comparisons, not average costs. To one extent 
or another, current electricity rates are average prices based on sunk investments. They are 
also frequendy shaped by a number of cross-subsidies among different classes of users. 
Cost-effectiveness criteria based on current electricity prices are therefore an inadequate 
basis for determining the resource choices of lowest marginal cost to society. 

Treatment in this study 

The analysis in the present report is based on the total resource cost perspective, expanded 
to reflect some indirect costs and benefits not typically included in conventional analyses 
using that perspective. Benefits of energy efficiency investments due to environmental 
externality effects are quantified in sensitivity analyses (see Part 3A). 

3 For a definition of the major economic cost perspectives used in integrated resource planning, sec the 
handbook of the National Association of Utility Regulatory Commissioners (NARUC) of the U.S. (Krause 
and Eto 1988). 
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B. QUANTIFICATION OF ENERGY SAVINGS AND COST 
COMPONENTS 

1. ENERGY SAVINGS AND EFFICIENCY P O T E N T I A L S 

Need for improved end-use data 

In determining the costs of, and the potential for, reducing electricity demand in the EC-5 
by using it more efficiently, it is important to understand status quo patterns of energy use 
and the underlying equipment stocks and operating patterns as precisely as possible. 
Unfortunately, the data on final energy use that exist in the five countries studied suffer 
from inconsistent definitions and collections of statistics. Besides national inconsistencies, 
there is a general lack of detailed end-use data by physical functions in all EC-5 countries. 
In particular, data on operating hours and range of efficiencies of current equipment stocks 
are incomplete. This is especially true for non-residential applications. 

If governments wish to make major improvements in the efficiency of using electricity, data 
collection will have to be systematically improved. Recent research projects under the 
MURE program of the European Commission have improved the situation, but databases 
have a long way to go before they will match the copious statistics for the generation, 
transmission and distribution of electricity. 

Efforts to use electricity more efficiently would be expedited if two aspects of data 
collection were given attention. First, the division between sectors needs to be 
standardized, for example: residential buildings, public and commercial buildings, 
agriculture, industry, including off-road vehicles, and transport. The boundaries between 
agriculture and industry and between industry and commerce need to be defined by 
international agreement. 

Second, end use data should be made available in a consistent form that indicates at least 
the following uses of electricity in each sector: space heat, water heat, lighting; cooking; 
various process heat, including drying; ventilation; space cooling; other refrigeration; 
various types of electric motor drive system; electrolysis; other industrial process use; and 
the main types of appliance.4 

4 An exemplary analysis and documentation of such data for the residential and commercial sector is found 
in several recent reports for the U.S. by Lawrence Berkeley Laboratory (Hanford et al. 1994, Koomey et al. 
1994, Johnson et al. 1994, Huang et al. 1994, Sezgen et al. 1994a, Sezgen et al. 1994b). 
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Transferability of end-use specific savings percentages among countries 

Fortunately, the fundamental feature of today's end-use technology — the large gap 
between the energy efficiency of current existing equipment or currently purchased 
equipment and state-of-the-art versions of the same equipment — is common to all 
countries. Though country-by-country variations in current energy intensity can be 
important, the gap between current efficiency and best technology tends to be much larger 
than these variations. 

It is on this basis that most efficiency potentials can be generalized from one EC-5 country 
to another without excessive error, so long as the base-year national energy intensities 
found in each country are taken as the starting point of analysis. 

For example, the scope for improving the energy efficiency of mass-manufactured 
appliances tends to be similar in all countries, as borne out by recent detailed market 
analyses for refrigerators (GEA 1993). This is not surprising since most electrical 
appliances used in the domestic sector and in non-domestic buildings, including electrical 
office equipment, are actually manufactured by internationally organized firms. 

Likewise, most light in the domestic sector is produced from incandescent bulbs. The 
scope for improving the efficiency of these devices is well-characterized, and is almost the 
same in all EC countries. Most air-conditioning systems in non-residential buildings use 
standard equipment from a limited number of companies, and many improvements to this 
technology are being made on an international basis. 

Treatment in this study 

For our five-nation region, consistent and detailed end-use data are not uniformly available. 
As an approximation, we use one and the same energy intensity factors for all the EC-5 
countries in most end-uses. However, the country-by-country differences in base year 
energy intensities are reflected in our analysis insofar as we use nation-specific end-use 
data on energy consumption as the reference point. 

Comprehensiveness of the portfolio of technology measures (Item l ) 5 

Many past studies on electrical energy efficiency improvements were based on only a 
limited subset of energy efficiency improvements that did not cover all significant end-uses 
and did not include all relevant efficiency options. A case in point is the difference between 
the comprehensiveness of technical analysis found in the work of the Rocky Mountain 
Institute and that of the International Energy Agency (RMI 1989 and IEA 1989). The 
former arrives at significantly larger savings because it considers, among other things, 
optimized packages of technical improvements that include upstream or downstream 
efficiency opportunities overlooked in other studies. Also, more efforts are made to track 
current and recent technology developments in an up-to-date manner. These differences in 
technical analysis result in major differences not only in the estimated energy efficiency 
potential, but also in the cost of these savings, as further discussed in Section B.4 below. 

5 The item number refers to the 21 cost factors listed in Table A. 10.3.1.a and Lb above. 
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Treatment in mis study 

The time horizon of our study is long enough to allow for the partial or full penetration of 
many near-commercial, advanced technologies. For many of these advanced technologies, 
detailed engineering-economic analyses already exist. Some of these technologies are 
currently being commercialized, others are likely to be brought into commercial production 
over the next five to ten years or so, while still others could be commercialized if 
manufacturers were given proper incentives. Such accelerated product and equipment 
innovation is especially likely in the context of strong energy efficiency and climate 
stabilization policies, since these will accelerate product innovation. We therefore include 
in our portfolio both currentiy commercial and advanced technologies. 

Furthermore, we include in our analyses the entire chain of technologies involved in the 
delivery of ultimate energy services. For example, we do not just analyze energy efficiency 
improvements in electric motors, but also include energy saving measures involving the 
belts and gearboxes, the fans and pumps, the pipes and ducts, etc. 

Switching of end-uses from fuels to electricity (Item 2) 

The electrification of final energy use is a persistent trend in most OECD countries. 
Utilities in several countries have successfully promoted electricity in space heating, water 
heating, and process heating end-uses. As a result, the trend toward substitution of fuels 
by electricity tends to be already incorporated in econometric and other business-as-usual 
projections of electricity demand. 

Separately, engineering-economic bottom-up analysis shows notably for the industrial 
sector that new energy efficient technologies may involve a switch from fuel-based 
processes to electrical processes. Whether such end-use or process-specific developments 
are already captured in business-as-usual projections of electricity growth can only be 
determined by comparing these projections with detailed end-use based projections that 
seek to replicate the econometric analysis using the bottom-up methodology (see Part 6 of 
the IPSEP study). 

Treatment in this study 

In our study, we compare the electricity growth projections of the "Energy for the Next 
Century" scenario (SI) of the European Commission (CEC 1990) with bottom-up 
projections based on end-use analysis. This is done both for electricity use as a whole, and 
for industrial electricity use in particular. 

The energy efficiency potentials that are available through substitutions of industrial fuel 
use by electricity-based processes are estimated in detail in Part 6 of the IPSEP study. The 
quantitative results for the amount of industrial fuel use shifted to electricity-based 
processes are summarized in Section H, and are incorporated into our electricity scenarios 
on an explicit end-use by end-use basis. 
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The quantitative results for total growth of electricity use across all sectors are discussed 
under the heading of economic feedback effects in Section B.7 and in Section M below. 
We find that the European Commission's largely econometric business-as-usual projections 
of electricity use arrive at substantially higher demand than business-as-usual projections 
based on bottom-up analysis. Even after explicit allowance is made for industrial 
electrification on an end-use by end-use basis, and even if it is assumed that all these 
process changes will fully penetrate industrial capital stocks, calculated future electricity 
requirements remain below those forecast in the reference scenario of the European 
Commission (see also Section J). 

Switching of end-uses from electricity to fuels (Item 3) 

One important component of the portfolio of options for saving electricity are cost-effective 
opportunities for switching thermal end-uses from electricity to direct fuel use. The most 
important such end-uses are space heating, air conditioning, water heating, and cooking or 
other process applications. 

In analyzing the cost-effectiveness of these options, it is important to consider the 
intangible costs and benefits of electrical versus non-electric energy carriers. Notably in 
industrial process applications, the value of more precise control over the process and other 
attributes may mean that the cost of switching to fuels is greater than reflected in the capital, 
installation, O&M and fuel costs of the conversion (see Part 6). 

Treatment in mis study 

In this study, we analyze and incorporate cost-effective options to switch from electricity to 
fuels or district heat for the following end-uses: space heating and water heating in the 
residential and commercial sectors, and cooking and process heat in the residential, 
commercial, and industrial sector (Section J). The fuel and electricity mix in the various 
industrial process end-uses is determined on the basis of which processes appear to be 
most cost-effective in delivering a particular basic material or product (see Part 6). Section 
L explains how the corresponding fuel switching opportunities are quantified in resource 
terms and incorporated into our electricity demand scenarios. 

Measured versus calculated savings (Item 4) 

In determining the savings potentials of efficiency improvements, it is important to use both 
engineering calculations, demonstration tests, and field results of actual programs with 
different groups of real utility customers. In the past, insufficient availability of data from 
field evaluations had led to a predominance of engineering-based modeling calculations that 
often overestimated and sometimes underestimated obtainable savings (Nadel and Keating 
1991). 
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Inaccuracies in assumed operating profiles 

In large measure, such deviations of projected and actual savings have to do with inaccurate 
parameter specifications regarding current average utilization patterns. Examples are actual 
operating hours for lighting systems as a function of the type of building and the specific 
floor areas within each building, or the degree of space heating derived from non
commercial fuels such as firewood. 

Discrepancies in early programs between projected and actual savings are not caused by an 
inability of engineering models to accurately predict the field performance of a device for a 
given set of conditions. Rather, they arose mainly on account of uncertainties in baseline 
end-use data on operating conditions and final energy use. As better end-use data are 
becoming available from energy audits in many types of facilities, engineering-economic 
modeling estimates are being adjusted to reflect actual usage patterns of end-use devices 
with high accuracy. 

Immature technology versions 

Other important factors have to do with the technological learning curve of manufacturers, 
installers, and consumers. Some energy efficient products may not have fully matured in 
design when first introduced into the market. Dissatisfied customers may then disable or 
abandon them some time after installation, leading to lower than predicted savings over the 
technical life of the measure. 

Even when energy-efficient products continue to be used as intended — as most do — their 
technical performance may in some cases decline over time more rapidly than anticipated, 
and initial savings levels may not persist Also, quality control problems may arise in the 
installation of some field-erected efficiency measures (e.g., in building retrofits or new 
construction) that impair them from functioning properly. 

For the most part, these are transient "teething" problems. Problems with specified 
individual devices for specific end-uses can usually be identified and fixed rather easily, for 
example through measured savings experiments and pilot projects on customer acceptance 
and measure persistence. 

Inaccurate predictions ofper-customer program savings and participation rates 

Apart from problems in accurately describing technology use, discrepancies between ex 
ante estimates and ex post energy savings arise at the program impact level.- These 
problems are often related more to program design than to technological performance issues 
or incorrect assumptions about customer utilization patterns. 

Problems with predicted energy savings are particularly important for calculating savings 
from incentive programs. In these programs, free rider effects can reduce net savings 
below predictions, while spill-over effects from market transformations may increase 
energy impacts beyond those expected from participating customers alone. 
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These problems are related to the fact that all savings calculations rely on an implicit 
forecast of what would have happened in the absence of the energy efficiency program or 
policy. This forecast has inherent uncertainties. For example, the calculation of anticipated 
policy impacts may have inaccurately reflected autonomous market trends in energy 
efficiency. As a result, free rider or spill-over effects may have been overestimated or 
underestimated in the projection of net energy savings from a specific program. 

Similarly, the economic feedback of "take-back" effects from lower energy service costs 
are not captured in engineering-economic estimates (see Section A.1 above and Section B.7 
below). Where these are significant, realized energy savings may actually be greater in 
absolute terms than predicted savings, but this success is obscured by the higher than 
anticipated growth in energy services. 

Recent field experience 

Recent large-scale evaluation studies of utility-sponsored energy efficiency incentive 
programs in the U.S. have shown that many problems with estimating the impacts of 
energy saving technologies have by now been overcome. For example, the second-
generation demand-side management (DSM) programs undertaken by utilities in California 
during the early 1990s succeeded in realizing 93 percent of predicted net savings on 
average (Brown and Mihlmester 1994). 

The program sample on which this result is based represents probably the single largest 
body of impact evaluations for utility DSM programs anywhere to date. The sample 
includes residential, commercial, and industrial programs and accounts for $772 million in 
utility spending by four large utilities with more than 10 million customers. About $114 
million was spent on measurement and evaluation activities to verify savings and improve 
impact prediction, including free rider effects, persistence, etc. 

Given that predicted ex ante benefit-cost ratios were at least 1.2 and that most programs had 
benefit/cost ratios in the range of 1.5-2.5, it is evident that a small, seven percent 
underachievement in savings did not significantly reduce benefit cost ratios. The seven 
percent average shortfall in realized savings did not change the ex-ante determination of 
cost-effectiveness, and these programs thus proved robustly economical 

Treatment in this study 

Whenever available, we use energy intensity factors based on verified ex post savings. In 
those cases where measured savings data are lacking, we rely on engineering-economic 
estimates with deliberately conservative assumptions regarding annual operating hours of 
the end-use devices. This procedure is equivalent to a small correction factor for energy 
savings, as suggested by past evaluation results. 
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Technical-economic versus achievable savings potential (Item 5) 

For any given time horizon, we distinguish between technical, economic, and achievable 
energy efficiency potentials. The technical potential is calculated without applying specific 
policy or economic assumptions. The technical potential for any given time horizon is 
defined by the portfolio of available technologies, and by the turnover and expansion of 
capital stocks over the time horizon alone. It is assumed that each and every replacement or 
expansion of energy-consuming capital stocks is shifted from standard technology to the 
most energy-efficient technology that can provide the same quality of energy service. 

The economic potential for any given time horizon is based on the same turnover of capital 
stocks, and on the same assumption that all investments are shifted to societally cost-
effective energy efficiency levels. But in this case, savings from energy-efficient 
technology are counted only when the cost of conserved energy is lower than the cost of 
marginal energy supplies. 

The achievable potential introduces a new element, in that savings are calculated on the 
basis of expected impacts of specific policy approaches on investment decisions. Here, the 
main policy approaches for shifting investments to efficient technologies are 

• utility demand-side management programs, 

• market transformation programs by utilities or large procurement 
entities, 

• efficiency standards for appliances and other end-use devices, and 

• building energy performance standards. 

The cumulative penetration of efficiency measures that can be achieved with these policies 
and programs is less than one hundred percent, and this fact is recognized in defining the 
achievable potential. In other words, policies are not perfect in shifting all end-use 
investments to efficient technologies during one turnover cycle. In addition, various real-
world technical, logistic, and behavioral effects may lead to deviations of actual savings 
from engineering-economic predictions. 

Long-term convergence of technical-economic and achievable potentials 

The various real-world limitations on achievable potentials can be accounted for in scenario 
calculations by using a sufficiently extended time horizon for the transition to universal and 
effective use of energy efficient technologies. Moreover, even if some currently 
commercial technologies should never reach full market penetration and customer 
acceptance, an extended time horizon will also allow new efficiency technologies to be 
developed and commercialized. For a sufficiently extended time horizon, then, the 
technical-economic potential of current technology can be considered identical to the 
achievable energy savings potential, though some of the projected savings will come from 
new technologies rather than current technologies. 

For any given time horizon, the correlation of achievable penetration levels and savings 
potentials with specific policies and program designs is difficult insofar as empirical data 
are still incomplete. Also, within a given time horizon, a trade-off may exist between 
feasible savings per application and feasible penetration levels of policy programs. For 
example, mandatory energy efficiency standards need to be phased in over time to avoid 
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eliminating current products without allowing enough adjustment time for manufacturers. 
They are best suited for eliminating the least efficient products and practices (market 
push).6 

At the other end of the spectrum, recent market transformation programs like the 
procurement program for high-efficiency refrigerators conducted by NUTEK in Sweden 
and the Super-Efficient Refrigerator Program (SERP) in the U.S. were specifically 
designed to bring about the commercialization of efficiency levels not found on the market 
to date (market pull). 

Quite apart from logistic, program design, and consumer acceptance considerations, the 
political economy of implementing demand-side efficiency policies must also be 
considered. This variable may well prove to be a more severe limitation than effective 
program design. It deserves explicit consideration in the context of the present study. 

Treatment in this study 

The time horizon for our study is a period of 35 years. Within that period, all electrical 
end-use equipment (such as lighting systems, motors, air conditioners, appliances, etc.) 
will be replaced at least once, most twice, and some more than twice. Thus, our scenario 
period is long enough to convert all capital stocks from average currendy sold equipment to 
best currently commercial equipment even if programs are initially not as effective and 
some applications can only be converted "on the second go-around." 

Our time horizon is also long enough to allow for the partial or full penetration of many 
near-commercial, advanced technologies that are likely to be brought into commercial 
production over the next five to ten years or so, or that could be commercialized if 
manufacturers were given proper incentives. Such developments are especially likely in the 
context of strong energy efficiency and climate stabilization policies, since these will 
accelerate product innovation. 

In view of these factors, the EC-5 electricity savings potentials calculated in this study on 
technical-economic grounds can be considered achievable with sufficiently aggressive and 
persistent policies. The possibility of only partial implementation of the technical-economic 
potentials is considered through sensitivity analyses that assume, respectively, only a 25%, 
50%, or 75% mobilization of demand-side efficiency resources. 

To illustrate a range of levels of policy effort and success, we analyze energy demand, 
supply mixes, carbon emissions, and economic costs on the basis of four levels of policy 
impacts: 25% mobilization of demand-side resources, 50%, 75%, and 100% mobilization. 
Mobilization means in this case that policies are effective in affecting a sufficient fraction of 
end-use investments over time to bring about these percentages of total technical potential 
savings in the final scenario year. 

6 Once a periodic updating system is in place, standards can also be used for technology pull. For 
example, the technology necessary to meet the U.S. refrigerator standards that went in effect in 1993 was 
not yet commercially available at the time they were promulgated. 
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2. INDIRECT ENERGY IMPACTS AND NON-ENERGY IMPACTS 

Interaction between electricity savings and space heating and cooling loads 
(Item 6) 

In calculating the cost of conserved energy from improved electrical efficiency in buildings, 
it is necessary to consider the fact that some fraction of electricity use becomes useful heat 
that reduces space heating requirements in the dwelling or building. At the same time, 
more efficient electricity use reduces cooling loads where these exist 

These effects need to be considered on a dynamic basis over time. Projected growth in 
energy service demand will lead to a corresponding rise in energy use within buildings. 
This growth may partially or fully offset the efficiency-related reductions in internal heat 
gains. 

Residential buildings 

Thermal modeling analyses show that the utility of internal gains varies significantly with 
the thermal integrity of the building envelope. They also show that their usefulness 
depends mainly on the length of the heating season and not its severity (Palmiter and 
Kennedy 1983). Significant differences in useful waste heat fractions can arise between 
single family homes and multifamily homes, and also between different appliances. 

Internal heat gains can be utilized best when they arise during the hours of darkness, since 
they won't compete with solar gains at that time. This is the case for most residential 
lighting and television use. Refrigeration loads occur more or less continuously throughout 
the day and occupy an intermediate position. Waste heat is least useful in the case of 
dryers, dish washers, and washing machines, where much of it is ventilated outside the 
building or drained away with gray water discharges. Similarly, water heating produces 
useful gains mainly when storage tanks rather than flow-through heaters are used and when 
storage tanks are located within the heated living space. 

Aggregate useful internal gains from electric appliances and lighting in residential buildings 
are reported as 40% in a detailed thermal modeling analysis for Denmark's building stock 
(Norgard 1989). Lower useful fractions apply in more efficient new buildings or in 
thoroughly retrofitted buildings, which have a much contracted heating season, and heat 
surplus from the sun, occupants, etc. to dispose of for most of the year. 

For the four levels of residential building energy efficiency analyzed in the IPSEP study 
(see Part 5), the useful fraction of constant internal gains drops by 33 percent as heat losses 
decline by 75 percent (Feist 1989). .Applying this figure to the 40 percent useful fraction 
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found by N0rgard results in a fraction of 27 percent for highly efficient low-energy houses. 
In the long run, homes with a lower heat loss will become the standard situation if least-
cost measures are adopted (see Part 5 of the IPSEP study for further discussion). 

However, this estimate still overstates the usefulness of internal gains: for a given level of 
internal electricity consumption, more efficient buildings also make less use of available 
solar gains. If one now introduces more efficient appliances, some of the loss in internal 
gains will be offset by better utilization of available solar gains. 

When electricity for water heating, cooking, dryers, and washing machines is substituted 
by fuels, incidental heat gains in these end-uses will increase somewhat. This is because 
fuel-based appliances use more delivered energy within the building, whereas the greater 
primary energy requirement of electricity production occurs outside the building. 

Commercial and institutional buildings 

Because many buildings in this category are used very intensively, and because most of 
this use occurs during the daytime when solar gains are also available, the useful fraction of 
internal gains is lower than in residential buildings. A sophisticated modeling treatment of 
interactions between electrical efficiency measures and heating, ventilating, and air 
conditioning (HVAC) end-uses is found in Sezgen and Huang (1994) and Johnson et al. 
(1994). 

A still more favorable situation arises in buildings that require air conditioning, and 
especially in some of the newer public and commercial buildings that tend to need more 
cooling than heating. Here, energy-efficient appliances have a highly beneficial effect on 
space conditioning energy requirements. For example, thermal modeling analyses for such 
buildings suggest that about 0.2-0.4 kWh of electricity input for air conditioning is saved 
per kWh of reduced lighting electricity use (Piette et al. 1989, Lovins, Sardinsky et al. 
1988). 

However, the share of air conditioning in total heating and cooling requirements in Western 
European non-residential buildings is comparatively low. Assuming a weighted average 
share of 10 percent in total final energy use for heating and cooling, the air conditioning 
credit of electricity savings becomes 0.02-0.04 kWh per kWh saved. 

Net impact with growth in energy service demand 

As shown in the final section of this report, the full implementation of the technical-
economic potential for energy efficiency improvements by 2020 would result in a decline in 
electricity use of about 15 percent below 1985 levels (despite a doubling in energy services, 
see Section L). The decline in the residential and commercial sector is about 40 and 35 
percent respectively, while the industrial sector shows a 15 percent increase. 

Even for those cases in our sensitivity analysis where less than 75-100% of the demand-
side efficiency potential is realized, and where electricity demand rises in all three sectors, 
some space heating penalty applies, since any increase in internal gains relative to 1985 
levels will be smaller than the increase obtained in the business-as-usual case. Higher 
internal gains produce space heating benefits under the climate conditions prevailing in 
most of the EC-5 region. 
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However, the marginal usefulness of additional internal gains strongly depends on the level 
of simultaneous efficiency improvements in the building shell, as discussed in detail in Part 
5 of the IPSEP study. In a least-cost approach and for the year 2020 time horizon, EC-5 
heating requirements at the room register and per unit of floor space would be cut by about 
half relative to base year levels. This greater shell efficiency shortens the period during the 
year in which internal or solar gains can be used to offset heating requirements, especially 
in new buildings conforming to the zero energy standard (see Part 5 of the IPSEP study). 
As a result, the marginal usefulness and economic value of additional internal gains is 
diminished. 

Treatment in this study 

Our treatment of these corrections is shown in Table A. 10.3.2 below. The discussion of 
the economic analysis in this table is given under Item 11 below. For the moment, we only 
address the issue of indirect energy impacts. 

Taking into account the above factors, and considering that a significant portion of the EC-
5 region has shorter heating seasons than Germany or Denmark, we estimate that each kWh 
of non-heating electricity saved in 2020 will need to be replaced by 0.2 to 0.3 kWh (low 
and high cost cases, respectively) of useful heat from the space heating system in 
residential and commercial buildings. 

For commercial buildings, we also assume that each kWh of non-heating electricity saved 
will replace 0.2 to 0.4 kWh (low and high cost cases, respectively) of electricity used for 
air conditioning. In the commercial sector, we assume that the ratio of aggregate heating 
requirements relative to aggregate cooling requirements across the EC-5 region is 9:1 
(useful energy). 

Table A. 10.3.2 also shows the resulting corrections to the cost of a kWh of electricity 
saved, based on the projections of final fuel prices adopted in this study (see Part 3C of the 
IPSEP study), and on average electricity prices that can be expected at the retail level (see 
Part 3A). These figures are discussed further below. 

Indirect energy use for the production of energy-efficient technologies 
(Item 7) 

The range of technical devices for improving energy efficiency includes electronic devices, 
mechanical equipment weight-saving composite materials, thin optical films on windows, 
and insulation materials made from either minerals or petroleum. The net final energy freed 
up by efficiency improvements depends on the energy payback ratio for these materials as 
used in the various efficiency technologies. 

This payback ratio can be determined using process analysis (see Part 6 of the IPSEP 
study). The number of available analyses on this issue is limited, and they involve data 
difficulties. However, existing research shows that for most technologies and applications, 
the payback ratio is more than 95 percent. For example, the energy inputs of styrofoam 
insulation - a material that is widely used in West European buildings - are less than five 
percent of the energy savings even though the material is a petrochemical product (see Part 
5 of the IPSEP study). 
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Table A.10.3.2: Correction of CCE calculations for space heating and cooling 

Useful fraction heat gains 
Useful fraction cooling gains 
Electricity price, cooling 
Electricity price, space heating 
Gas price 

Individual buildings (new or ex.) 
Weight of non-el. heating requirements 
Weight of el. heating requirements 
Weight of cooling requirements 

Cost of replacemt non-el. heat at register 
Cost of replacemt cooling at register 

CCE correction by building type 
non-electrically heated buildgs 

electrically heated buildgs 

EC-5 building stock 
Weight of non-el. heating requirements 
Weight of el. heating requirements 
Weight of cooling requirements 

Cost of replacement heat at register 

CCE correction 
Average EC-S building 

kWh/kWh.e 
kWh/kWh.e 

Pf/kWh 
Pf/kWh 
PflkWh 

PtfkWh 
Pf/kWh 

Pf/kWh.e 
Pf/kWh.e 

Pf/kWh 

Pf/kWh 

Commercial 
Low CCE 

0.2 
0.4 
16 
12 
6.5 

0.80 
0 

0.20 

8.1 
6.4 

0.8 
14 

0.80 
0.10 
0.10 

8.6 

13 

High CCE 

0.3 
0.2 
20 
20 
8.1 

0.80 
0 

0.20 

10.1 
8.0 

2.1 
4.6 

0.80 
0.10 
0.10 

11.2 

2.9 

interactions 

Residential 
Low CCE 

02 
0 

n/a 
12 
6.5 

0.95 
0.05 

0 

8.1 
n/a 

1.6 
1A 

0.90 
0.10 

0 

8.5 

U 

High CCE 

0.3 
0 

n/a 
20 
8.1 

0.95 
0.05 

0 

10.1 
n/a 

3.0 
6.1 

0.90 
0.10 

0 

11.1 

3.6 

(1) Residential and commercial non-electric beating system efficiency is 80 percent. 
(2) Average COP of electric chiller is 2.5. 
(3) Gas price from Part 3C, Table A.10.5.4a. 
(4) Exchange rate convention (purchasing parity): 100 Pfennig = 1DM = 0.5 ECU = 0.5 US $. 
(5) Weight of heating and cooling requirements is fractional share of final energy use. 
(6) Calculation for individual buildings illustrate range of cost penalties that can arise under typical circumstances. 
(7) CCE correction by building type explains derivation of HVAC penalties in electrically heated buildings. 
(8) In the EC-5 region, residential cooling is negligible and electric heating in commercial buildings is small. 

Weights of heating and cooling requirements for EC-5 building stock from Part 5 of the IPSEP study. 
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In some cases where higher embedded energy figures appear to apply, these could be 
avoided through improved process technologies or alternative materials. In the remaining 
small number of instances where less favorable ratios are encountered, recycling may 
substantially reduce these effects. Energy-efficient devices can even reduce embedded 
energy requirements. One such case is the replacement of conventional materials with so-
called new age materials that are lighter and more durable (see Part 6). 

In addition, energy efficiency measures in processes may change water and materials 
requirements in industry. Some water heating, dishwashing, and washer energy efficiency 
measures result in ancillary reductions in water consumption. 

Treatment in this study 

Despite a need for more detailed research on embedded energy issues, it is unlikely that 
such efforts will change these preliminary assessments: the embedded-energy effects of 
energy efficiency technologies are likely to be small and could even be of negative sign. 

Since it is not possible at this time to determine indirect energy requirements in a consistent 
manner for all end-use technologies and efficiency improvements, we do not quantify 
embedded energy effects in our cost of conserved energy calculations. Incremental 
requirements for industrial process energy are assumed to be captured in the growth factors 
for industrial production and energy services (see Part 6). 

Water savings and changes in materials requirements are taken into account in our 
economic analysis for several appliances (Section E below) and industrial processes (Part 
6). 

Impacts of materials efficiency on electricity requirements (Item 8) 

In the industrial sector, increased materials efficiency is one option for saving energy, be it 
through remanufacture, re-use, or recycling. The processes involved in such recycling 
may require a decidedly different mix of electricity and fuels than the processing of virgin 
materials. An example is the recycling of steel scrap, which involves the substitution of the 
fuel-intensive basic oxygen process by an electric process. 

Treatment in this study 

In our analysis of materials efficiency programs,, we account for shifts in industrial 
electricity and fuel requirements by using a bottom-up methodology that accounts 
separately for fuels and electricity in each recycling process (see Part 6). 
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3. PROJECT COST ANALYSIS: DIRECT AND INDIRECT ECONOMIC COSTS 
AND BENEFITS 

The various available studies on the economics of energy efficiency diverge significantly in 
their estimates for the first cost and operating and maintenance costs of energy efficiency 
investments. Even though all available engineering-economic studies show that significant 
energy savings potentials are cost-effective against supplies, this divergence has important 
implications for energy efficiency policies. For example, such estimates centrally affect 
what demand-side efficiency contributions utilities could or should realize in their resource 
plans, and what levels of efficiency governments should consider as societally cost-
efficient regulatory goals for the electricity sector. 

We begin with the generic cost accounting issues that arise at the level of project cost 
analysis, i.e., before system effects in the utility system at large are considered (Section 
B.4 below), and before the secondary impacts of alternative policy contexts or discounting 
conventions come into play (Section B.6 and Section B.7 below). 

Divergent cost estimates for energy efficiency measures are explained by a number of 
analytic problems. Overall, the factors at play are those listed in Section A.1 and Table 
A. 10.3.1 above. In this section, we address the discounting issue, and those factors that 
have to do with the various boundary issues for defining the cost of energy efficiency 
investments. We examine issues related to 

— Maintenance cost savings or benefits from down-sizing end-use 
equipment (gross versus net costs); 

— Secondary cost impacts from changes in space heating and cooling 
requirements (space conditioning effects); 

— Cost corrections for changed non-energy process requirements (water, 
materials, etc.); and 

— Transaction costs under status quo market conditions and under 
alternative policies; 

— Hidden costs versus hidden benefits related to consumer utility, 
comfort ergonomics, labor productivity, etc. 

These accounting issues can be considered part of project cost analysis in which the 
perspective of the individual investor dominates. 
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Choice of internally consistent discount rate (item 9) 

The proper value of the societal discount rate depends on the geographic context 
(developing versus industrialized countries) and the time horizon (near-term: cost of 
capital, intergenerational: social time preference). For the purposes of energy efficiency 
policy analysis covering a time horizon of one to several decades, the discount rate should 
be derived from long term average costs of capital determined in competitive financial 
markets. 

In these markets, discount rates depend on risk. For example, in the U.S., which has by 
far the longest historical data series, lowest risk government bonds have shown long-term 
(65-year) average real returns of 0-1%. More risky corporate bonds show an average 
return of 2% real over 100 years. Common stocks show a real rate of return of almost 6% 
over 100 years. Real estate returns were similar but slightly lower (Ibotson and Brinson 
1993). 

Rates for Europe and other OECD countries were slightly higher, but time series for 
foreign bonds and stocks are generally much shorter and therefore less reliable. Most are 
limited to the 1960-1990 period. 

Actual returns in OECD financial markets are even lower than these figures, for several 
reasons (Goldstein et al. 1994). First, the above data do not include bonds that defaulted 
during the period of record, or economies that did not survive over the long-run. Second, 
the returns do not include the commissions and fees charged by financial intermediaries. 
Average mutual fund fees diminish returns on financial investments by about one 
percentage point Thus, long-term average capital costs before taxes fall in the range of 0-5 
percent real, depending on risk. 

No comparable data series are available for after-tax returns, but tax impacts may easily 
reduce long term real returns to the 0-4 percent range or less. 

In the case of energy efficiency, the lower values of this range should arguably be applied 
for policy analysis purposes. The risks from investments in energy efficiency are 
contravariant with those from other investments, and thus reduce the undiversifiable risk of 
the overall societal or individual investment portfolio.7 Lower values are also suggested in 
so far as energy efficiency investments benefit future generations, who cannot participate in 
current financial markets. 

All these considerations point to a real discount rate of less than 2-3 percent when assessing 
the economics of energy efficiency investments for policy purposes. 

7 As pointed out by Goldstein et al. (1994), unforeseen restrictions on energy availability or consumption 
due to wars, ecological problems, etc. will tend to reduce growth and lower returns on investments other 
than energy efficiency. Conversely, unexpectedly low energy prices and high growth will reduce the returns 
from energy efficiency investments. 
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Treatment in this study 

In our study, the cost of conserved energy (CCE) is calculated using a discount rate of 5 
percent real. This assumption, which matches the discount rate used for supply-side 
investments (see Part 3C), is conservative insofar as it reflects the upper end of the range of 
realized returns on capital, and not the lower values suggested by the above discussion. As 
a result the costs of conserved energy calculated in our report are about 25 percent higher 
than the CCEs that would be obtained with lower societal discount rates of 2-3 percent real. 

Gross versus net costs of energy efficiency investments (Item 10) 

Down-sizing 

Energy-efficient end-use devices can produce a given level of energy service not only more 
efficientiy, but also with a smaller nameplate capacity. This can lead to important 
secondary capital cost savings. Since the cost of the machinery is often determined by the 
specified nameplate energy input, the additional capital cost of making equipment more 
efficient may be partially offset by specifying a smaller unit upon replacement of the old 
device. Examples are electric motors, air conditioning equipment heating equipment, etc. 
This down-sizing opportunity and its economic effect is neglected in some cost-
effectiveness analyses but is incorporated in our figures whenever data permit. 

Indirect savings in other building components and systems 

In many cases, the replacement of standard equipment with high-efficiency versions allows 
the down-sizing of both that equipment and other equipment in the building or industrial 
process plant. Examples are more efficient lighting systems in highly glazed office 
buildings with dominant air conditioning loads, or any budding whose thermal integrity has 
been improved. Upon replacement of the air conditioning or heating plant, smaller 
equipment with lower capital cost can be chosen, adding an indirect capital cost benefit to 
the direct energy benefits of lighting and shell efficiency measures. 

Installation, operating, and maintenance costs 

Some energy efficiency technologies offer longer service lives than standard technologies, 
which reduces both levelized capital costs and installation costs. For example, in 
commercial sector substitutions of incandescent bulbs by compact fluorescent bulbs, 
avoided maintenance costs make the net present value of the energy efficiency investment 
negative, i.e., money is saved even before additional benefits from energy savings are 
considered (see Section D below). 

In other cases, significant savings arise when the installation of one efficiency measure is 
combined with other measures, as opposed to sequential replacement at different times. An 
example is the retrofit of energy-efficient tubes in ceiling fixtures without also retrofitting 
energy-efficient ballasts. In fact, the labor costs of separate installation after the first 
measure has been put in place can be so high that the remaining kWh savings potential no 
longer justifies the costs of applying a second measure that could have been installed cost-
effectively at the same time. In the energy efficiency service industry, suboptimal packages 
are sometimes intentionally pursued as a form of cream-skimming when contracts are badly 
written. 
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These and other instances of so-called lost opportunities require that the marginal costs of 
energy efficiency options be based on packages of measures rather than individual 
components. Analyses that fail to consider such packages of measures may seriously 
overestimate marginal costs and underestimate the cost-effective savings potential, notably 
in highly interdependent end-uses in buildings. 

Treatment in this study 

In our analysis, we adopt cost estimates based on the advantageous bundling of measures 
when practical considerations suggest that such cost-averaging is appropriate. 

Cost corrections for impacts on space heating and cooling (Item 11) 

In our cost of conserved energy calculations, we incorporate indirect effects on heating and 
cooling requirements through simple approximate corrections that reflect average situations. 
We differentiate between residential and commercial sector buildings, and show high and 
low estimates. 

The derivation of these corrections follows the above discussion on indirect energy savings 
and penalties as shown in Table A. 10.3.2. Our calculation considers only energy 
expenditures for replacement heating or cooling. Avoided demand charges are neglected. 
The low figure for the space heating electricity tariff reflects rates based on electric storage 
heating. 

As shown in the table, the cost per kWh of replacement cooling — at 6.4-8.0 Pf/kWh — is 
somewhat lower than the cost of non-electric replacement heating (at 8.1 to 10.1 Pf/kWh), 
even though cooling requires more expensive electricity. This is due to the high coefficient 
of performance of the chiller when compared to the conversion efficiency of the heater. 

Cost correction by building type 

Table A. 10.3.2 above shows that the applicable corrections per kWh of saved electricity 
vary significantly between non-electrically and electrically heated buildings, and between 
residential and commercial buildings. In gas-heated residential buildings, a correction of 
1.6-3.0 Pf/kWh of saved electricity applies, compared to 2.4-6.1 Pf/kWh for electrically 
heated homes. 

In the commercial sector, costs are lower in both cases, due to the credit of avoided cooling 
costs. This credit is noticeable even when air conditioning constitutes no more than 20 
percent of the total useful energy requirements (measured at the room register). 

Correction based on average EC-5 conditions 

Given the predominance of non-electric space heating, both in the 1985 base year and in the 
year 2020 under both least-cost and minimum risk policies, the average correction for 
residential buildings becomes 1.8-3.6 Pf/kWh of electricity saved, and 1.3-2.9 Pf/kWh for 
commercial buildings. 
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A simple calculation using the data in the Table shows that increased lighting and appliance 
efficiency yield a net benefit so long as heating loads constitute no more than 35-60 percent 
of total final energy requirements for annual cooling and heating loads. Unfortunately, data 
on commercial sector energy use by function are too incomplete to calculate the proportion 
of commercial building floor space or energy use for which this condition applies. Because 
the average statistical weight of cooling in EC-5 commercial and institutional buildings is 
small compared to heating requirements (estimated as 10 percent), credits for avoided 
cooling energy requirements are limited and space heating penalties dominate. 

Treatment in this study 

In our analysis, the EC-5 averaged corrections shown in Table A. 10.3.2 are added to the 
technology costs of conserved electricity on a Pf/kWh basis, along with similar corrections 
for utility system effects (see Section B.5 below) and for administrative costs of policy 
programs (see Section B.7 below).8 All three corrections are factored in when determining 
whether a certain savings potential is cost-effective in comparison with marginal electricity 
supplies. 

The aggregate energy demand and the energy bill corrections for all additional non-electric 
space conditioning requirements are accounted for in our analysis of space heating and 
other predominantly fuel-based low temperature energy services (Part 5 of the IPSEP 
study). 

The additional electric energy for replacement space conditioning is accounted for in the 
corresponding growth factors for electricity applications assumed in our scenario analysis. 

Cost corrections for changed non-energy process requirements (Item 12) 

Some energy efficiency measures affect resource and materials flows in processes. 
Examples are the introduction of low-flow shower heads, or the substitution of established 
industrial processes that differ not only in energy intensity, but also in input requirements 
for water and other materials. As a rule, more energy-efficient processes also reduce 
materials flows and reduce environmental clean-up costs, resulting in economic benefits 
beyond those obtained from energy efficiency alone. They may also enhance labor 
productivity. Such non-energy benefits have often proven decisive for the successful 
marketing of utility or government sponsored energy efficiency programs in industry. 

Treatment in this study 

We incorporate credits for saved water as an indirect benefit of energy efficient water 
heating in the residential and commercial sector. In our industrial analysis (see Part 6), we 
rely on total process cost comparisons rather than just energy cost comparisons in defining 
the net cost of saved energy whenever such data are available. 

8 Corrections for indirect building level impacts from increased electrical efficiency are thus taken into 
consideration on an aggregate basis only. No attempt is made to separately calculate the small reduction in 
the cost-effective electrical savings potential that would result when the CCE of electricity savings available 
in these buildings is corrected by the higher figures shown for these buildings in Table A. 10.3.2. 
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4. UTILITY SYSTEM COST ANALYSIS 

The cost of reducing the demand for electricity is usually expressed as a CCE in Pf/kWh. 
However, the costs of supplying extra electricity are usually expressed as the cost at the 
busbar for a power station which is operating as continuously as possible and does not 
have to meet daily and seasonal changes in demand. Consequently, the CCE figures often 
presented are not even suitable for comparisons of demand-side and supply-side options. 

Avoided generating requirements (Item 13) 

A first step is to determine the avoided generating costs, based on the mix and cost of 
generating plants needed with and without energy efficiency investments. This analysis is 
done in Part 3A of the IPSEP study, based on the analysis of the costs and potentials of 
fossil, renewable, and nuclear supply options (Parts 3C, 3D, and 3E). 

To make a proper comparison, the electricity system needs to be considered as a whole. To 
compare supply costs to more efficient use of electricity, the former should be corrected for 
at least these effects: 

a) Electricity losses in transmission and distribution, which are 6-10% in 
most countries; 

b) The capital and operating costs of marginal transmission and 
distribution, which can be as great as those of generation; 

c) The cost of the additional reserve plant needed to meet fluctuations and 
sudden peaks in demand; 

d) Losses within the distribution wiring on the consumer's premises, 
which in unfavorable cases may exceed the utility's losses; and 

e) Avoided externality costs from the fuel cycles of generating plants due 
to air emissions and other environmental impacts. 

On account of these indirect system-level benefits, energy efficiency improvements tend to 
be significantly cheaper to society than supply investments even when electricity generation 
at the busbar costs the same in levelized terms (Pf/kWh) as electricity savings at the point of 
end-use. 

Treatment in this study 

In our analysis of avoided costs, both the secondary utility system costs (items a-d) and the 
externality costs, are explicitly analyzed and treated in a quantitative fashion. Our 
methodology for quantifying these cost components are further explained in Part 3C of the 
IPSEP study (overall methodology for electricity supply analysis, and emission factors and 
externality costs for fossil plants), and in Parts 3D and 3E (specific system level impacts of 
non-dispatchable renewable resources, and monetized environmental externalities of 
renewables and nuclear power). 

Load shape impacts (Item 14) 

Electricity supply systems have characteristics not shared by other energy carriers. In 
particular, electricity cannot be stored, so the peak rate of using it is as important to system 
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design as the average rate. Other factors being equal, energy efficiency improvements 
which displace mainly peak electricity should be more beneficial than improvements which 
have the same CCE but displace mainly base load electricity. In sophisticated integrated 
resource planning exercises in the U.S., the load-shaping impacts of energy efficiency 
programs are routinely incorporate into least-cost analyses, and the same treatment is found 
in recent European studies.9 

Potentially, some energy efficiency improvements have system benefits to the utility. They 
will turn loads which need a highly reliable electricity supply into loads which need a less 
reliable supply, and which the utility can treat as more interruptible. Statistically, the loss-
of-load probability on the generation side can then be raised, saving money, yet the system 
will still provide electrical services as reliably as before. Alternatively, reliability can be 
increased, resulting in incremental economic benefits for customers. 

One example is large freezers, refrigerators and cold stores. If these devices are radically 
improved in energy efficiency by making them more heavily-insulated then the stored 
goods will be protected from spoilage for longer periods of interruptions in electricity 
supply. 

Another example are dimmable electronic ballasts for fluorescent lamps. These enable the 
brightness to be marginally reduced at times of peak demand, by not more than 20%. This 
effect is almost invisible to users, yet it saves significant peak generating capacity or 
demand charges. The use of dimmable electronic ballasts for daylighting control further 
reduces peak demand. 

Treatment in this study 

The calculated CCEs in this study do not incorporate a detailed analysis of potential load-
shaping impacts from energy efficiency improvements. We qualitatively address the issue 
by assuming that no change in load shapes will occur. An accurate assessment of possible 
benefits requires an analysis of load management options other than efficiency 
improvement (time-of-use rates, interruptible load contracts) that could complement the 
effects of efficiency improvements, as well as detailed load shape data for the various utility 
systems in the EC-5 region. This level of analysis was beyond the scope of this study. 

Transmission and distribution savings (Item 15) 

Demand-side investments avoid not only marginal electricity generation costs, but also 
marginal costs for transmitting and distributing power plant outputs. A complexity in 
calculating marginal T&D costs is to distinguish between marginal costs related to the 
number of customers and their changing geographic distribution, as compared to the 
marginal costs related to growth in peak demand, i.e., demand-related costs. Methods for 
estimating marginal demand-related costs are described elsewhere.10 The assignment of 
secondary distribution costs for residential and small commercial customers to customer-
related or demand-related costs varies among utilities and among regulatory bodies. 

9 See, for example, Krause et al. (1988) for the U.S. and Oko-Institut/Wuppertal Institut (1995) for 
Germany. 

1 0 See, for example, NERA (1977). In the NERA method, only those costs are treated as customer related 
that would be incurred to supply voltage (but not electric current). These so-called minimum distribution 
costs include poles or underground trenches, and minimum size conductors and transformers, plus all labor. 
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To estimate the marginal costs of T&D in Pf/kWh saved, it is further necessary to specify 
the following parameters: 

— The relationship of growth in electricity use to the growth in peak 
coincident demand at the transmission level; 

— The relationship of growth in transmission level peak demand to 
coincident system peak demand, versus local, non-coincident end-use 
demand; 

— Demand-related marginal T&D costs by system voltage level. 

For the purpose of our simplified analysis, we assume that the relationship between electric 
energy production, system peak demand, and distribution system non-coincident demand 
remain constant over time.11 

Marginal transmission and distribution costs 

Transmission and distribution costs in Western Europe are significantly shaped by the 
extensive use of underground cables. The 1980 share of underground cables in the FRG 
was about 50 percent each for the 0.4 kV level and the 1-60 kV (10/20 kV) level, and about 
five percent for the 60-150 kV (110 kV) level (Nitsch et al. 1980). These fractions have 
risen since. 

In Table A. 10.3.3, we present approximate values for demand-related marginal T&D costs 
that apply to the FRG. These costs are based on historical statistical relationships between 
FRG generating capacity additions and transmission and distribution investments. 
According to Traube and Ullrich (1982), this figure was about 2000 DM/kW during the 
1970s. Customer-related portions were not identified. We assume that these costs are 
representative of long-term marginal costs. Adjusting for inflation, we arrive at a total cost 
of 2750 DM/kW in 1989 DM.12 With a favorable utility system load factor of 65 percent 
(an assumption that tends to lower the average T&D cost per kWh sold), and based on the 
above assumptions about coincidence of load growth, the average marginal cost of T&D is 
5.2 Pf/kWh (1989 DM). We use the costs shown in Table A10.3.3 for the EC-5 region as 
a whole.13 

1 1 This assumption is crude, since load management and demand-side efficiency programs could change the 
coincidence of loads, and so could geographic shifts of customer loads. Also, reserve margins may not be at 
their target level. All DM/kW numbers should be understood to refer to DM/kW of coincident system peak 
demand. 

1 2 In our accounting convention, generation ties are included as a transmission system cost component. 
Both capital and O&M costs include marginal A&G charges that are specific to the T&D system. Energy-
related A&G charges not contained in power plant O&M costs are accounted for separately (see Table 
A.10.3.3). 

1 3 Significant cost escalations are expected throughout the European Union due to increasing siting 
difficulties and environmental requirements for transmission lines, and due to increasing community 
demands for underground installation. At the same time, the high electricity growth projections of the 
1970s led to some overbuilding of capacity, so that marginal investments per unit of peak demand growth 
derived from that period were probably higher than what would be expected in the future. We assume that 
this effect will offset cost escalations above the rate of inflation. 
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Much higher marginal distribution costs arise at the local system level when growth in 
demand necessitates an expansion of substation and feeder capacity. In that case, marginal 
costs per kWh may be as high or higher than the kWh cost of new generation, and 
extensive demand-side efficiency investments may become economically advantageous on 
account of avoided distribution costs alone (Krause et al. 1992). 

Demand-related T&D costs 

The T&D value of efficiency investments is equal to the demand-related portion of marginal 
T&D costs. About half the total marginal cost in Table A. 10.3.3 is related to transmission 
and primary distribution, which is more or less entirely demand-related. 

For the secondary distribution grid (low voltage), the cost boundary between demand-
related and customer-related costs depends partly on the sector. Estimates of customer-
related cost portions for each sector vary widely. For residential and small commercial 
customers, estimates range from zero to 80 percent of distribution costs.14 

Industrial and large commercial customers who receive electrical service at the 
subtransmission or primary distribution level provide their own secondary distribution 
through in-house equipment. Though not a utility cost these costs are, in part, demand-
related as well. Demand-side management could avoid or postpone investments in in-
house transformers and wiring reinforcements. In this sense, marginal secondary 
distribution costs apply not just to residential and small commercial customers; they apply 
to all customer classes. 

Treatment of demand-related T&D costs in this study 

We adopt a low/high range and differentiate this range by the residential, commercial, and 
industrial sector. For the residential and commercial sector, we use one and the same T&D 
cost credit. Our low credit value (which leads to relatively higher net cost of energy 
efficiency investments) is based on treating all secondary distribution costs as customer-
related. This assumption, which clearly underestimates demand-related costs, leads to a 
T&D credit of 2.5 Pf/kWh for residential and commercial sector electricity savings. 

Our high value (leading to lower costs of conserved energy) assumes that 50 percent of 
marginal secondary distribution costs are demand-related on average. This yields a T&D 
credit of 3.8 Pf/kWh for residential and commercial sector electricity savings. 

For industrial electricity savings, we give explicit treatment to in-house distribution savings 
for the dominant electricity use in that sector, i.e., industrial motor drives (see Section I 
below). We thus only consider the transmission and primary distribution savings in 
calculating T&D credits. In our high case, the full transmission and primary distribution 
costs shown in Table A 10.3.3 are assigned as a T&D credit leading to a value of 2.5 
Pf/kWh. In our low credit case, this value is reduced by 50 percent. 

1 4 For example, in the U.S., an early marginal cost study by Pacific Gas and Electric Co. of California 
found that 80 percent of distribution costs were demand-related (PG&E 1984). In more recent public utility 
commission proceedings the state's utilities give a smaller percentage as demand-related. Meanwhile, the 
state's public utility commission staff treated all secondary distribution costs as customer-related. 
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Table A.10J3: Demand-related u 

Average life of grid component 

Capital recovery factor (5% real discrete) 

A&G capital cost loading factor 

Demand-related investment cost 

Annualized capital cost 

O&M costs including A&G loading 

Total annualized marginal cost 

Energy demand growth/ 

Coincident peak demand growth 

Coincident peak demand growth/ 

Non-coincident distr. peak demand growth 

Cost per kWh @ 65% system load factor 

Unallocated energy-related A&G costs 

Total cost per kWb 

Avoidable demand-related costs 

ResidJcomml. low credit 
Resid7comml. high credit 

Industrial low credit 
Industrial high credit 

tility T&D costs avoided by demand-side efficiency investments 

years 

DM/kW coincident peak 

DM/kW-yr 

DM/kW-yr 

DM/kW-yr 

ratio 

ratio 

Pf/kWh 

Pf/kWh 

Pf/kWh 

Pf/kWh 
Pf/kWh 

Pf/kWh 
Pf/kWh 

High voltage 
Transmission 

40 

0.058 

0.005 

625 

39.5 

15.0 

54.5 

1 

1.0 

1.0 
1.0 

05 
1.0 

System level 
Intern), voltage 
Transm ./distr. 

30 

0.065 

0.005 

750 

52.5 

26.3 

78.8 

1 

1.4 

1.4 
1.4 

0.7 
1.4 

Low voltage 
Distribution 

30 

0.065 

0.005 

1375 

96.3 

48.1 

144.4 

1 

2.5 

0.0 
1.3 

0.0 
0.0 

Total 

2750 

188 

74 

278 

4.9 

0.3 

5.2 

2£ 
3.8 

13 
25 

(1) A&G= Administrative and General expenses. A&G is shown in total cost column only. 

(2) Transmission costs include generation ties not accounted for in power plant costs. 
(3) Investment costs include interest during construction and refer to system peak (coincident) demand. 
(4) Customer-related marginal capital and O&M costs for distribution systems are excluded. 
(5) Unallocated energy-related A&G costs refer to A&G costs not included in power plant O&M costs. 
(6) Marginal capital and O&M costs based on typical FRG data quoted in Traube and Ullrich (1982), adjusted for inflation. 
(7) AU cost figures in 1989 DM 5% real discount rate. 1 DM = 05 ECU = 05 U.S.S (1989). 
(8) Calculations assume that growth in coincident and non-coincident demand go in parallel. 
(9) In the low credit case, avoided costs in low-voltage distribution are assumed to be zero. 
(10) In the high credit case, efficiency measures avoid 50 percent of low-voltage distribution costs. 
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5. INTANGIBLE COSTS AND BENEFITS 

Transaction costs and payback requirements (Item 16) 

Under current market conditions, individual consumers are faced with a variety of 
transaction costs, information costs, conditions of asymmetrical information, uncertainty, 
etc. These conditions lead to investment behavior that is marked by very short payback 
requirements for energy efficiency investments, and thus high implicit discount rates if one 
were to analyze these investments on the basis of installed costs alone (see Part 1 of the 
IPSEP study). 

Treatment in this study 

The issue of intangible costs, and in particular, the possibilities for reducing transaction 
costs and uncertainty-related costs in end-use markets has been exhaustively treated in Part 
1 and in Krause et al. (1994). In the present analysis, it is assumed that the transaction 
costs and other market barriers underlying this phenomenon will be reduced, eliminated, or 
circumvented through well-designed and proven policy programs, such as energy 
efficiency standards and utility incentive programs. Consistent with our societal 
perspective, the indirect administrative and other costs of these programs are explicitly 
accounted for in our analysis (see below). 

Changes in customer value: Hidden costs and hidden benefits (Item 17) 

From an engineering point of view, it is quite easy to conceive of two devices that are 
identical in consumer utility as measured by reliability, amenity, appearance, etc., except 
that one uses more energy than the other. Moreover, energy-efficient devices are often 
designed with the explicit goal of increasing comfort, security, etc. along with energy 
efficiency. Examples abound: 

— More efficient water heating, space heating, or air conditioning equipment 
provides identical energy services without affecting quality. So do energy-
efficient trucks, airplanes or industrial boilers. 

— Energy-efficient engines for cars allow greater range of travel, or, if tank size 
is reduced, for more passenger and luggage space. 

— In the case of storage water heaters, higher efficiency allows for longer 
showers. 

— Compact fluorescent light bulbs last ten times as long as standard 
incandescents, and thus eliminate the nuisance (and cost) of frequent bulb 
replacement Current versions of these bulbs also provide a wide range of 
color renditions. 

— Filling wall cavities in a building with insulation does not change the wall but 
provides increased amenity because the inside wall surfaces stay warmer in 
winter and cooler in summer. 
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— High efficiency window glazing systems not only increase thermal comfort, 
but also prevent the bleaching of rugs and furniture from ultraviolet light, 
increase architectural flexibility, and protect from noise. 

— Many energy-efficient industrial processes not only save energy at favorable 
costs, but also reduce labor or environmental clean-up costs. 

At the same time, energy efficient technologies can present irreducible hidden costs, i.e., 
costs that are not reflected in their price and that cannot be reduced by market-creating or 
market-correcting programs and regulations. The main form of such costs are loss of 
convenience or comfort, but they also could include technical risks that are real, Le. not just 
perceived risks based on inadequate information, financial exposure, or high transaction 
costs in assessing them. Two examples illustrate the point: 

— Currently available compact fluorescent light bulbs represent light quality 
and/or fitting problems in some residential and commercial fixtures, and thus 
may bring a loss of convenience and/or aesthetics in these applications. 

— If higher energy efficiency in automobiles is pursued mainly through smaller 
size it could reduce utility and passenger comfort 

These examples also illustrate that some energy-efficient devices can require trade-offs 
between gains in utility in some areas, and loss of utility in others. 

The empirical evidence: program experience 

Predicting these trade-offs or verifying and measuring real hidden costs where they do exist 
can be complex. In most cases, the only reliable approach is to undertake pilot incentive or 
demonstration programs that involve careful evaluation of consumer responses. Without 
the opportunity to directly test new energy efficiency technologies, energy users who suffer 
from the market and information barriers listed below are not only likely to be uninformed 
about such hidden costs, but may also be misinformed about them. At the same time, these 
barriers are likely to prevent customer awareness of hidden benefits in convenience that 
could bring a net increase in consumer surplus. 

The empirical resolution of the question of hidden costs or hidden benefits therefore has to 
be sought in the body of research literature and field reports on government and utility 
conservation programs. The richest documentation of such program experience can be 
found in the experience of U.S. electric utilities with their so-called demand-side 
management programs. To date, privately-owned electric utilities in the U.S. have 
undertaken more than 1000 individual programs to investigate and correct the various 
market barriers underlying the observed payback gap — far more than the programs in all 
other OECD countries combined. Annual spending on incentives programs for 
economically efficient consumer investments in the U.S. is now of the order of $3 billion 
per year (EIA 1995). 
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Further detailed knowledge about market barriers and failures has been produced by 
government programs both in the U.S. and Europe to promote energy efficiency 
technologies, and academic research accompanying and evaluating these programs. The 
development of a private energy service industry has provided further knowledge on what 
makes end-use markets "tick."15 

These sources provide abundant and irrefutable evidence that most energy efficiency 
technologies do in fact provide significant net hidden benefits, as reflected in the adoption 
behavior of energy users once high transaction cost barriers have been removed through 
suitable programs. Furthermore, well-designed versions of the most important energy 
efficiency programs — government standards and utility or government-sponsored 
financial incentive programs — have built-in features that facilitate detecting hidden-cost 
related problems, as discussed below. 

Hidden costs and benefits in incentive programs 

Hidden costs in well-designed incentives-based programs are a minor policy concern 
because the voluntary nature of these programs makes them essentially self-correcting in 
this respect. Hidden costs of energy efficiency measures in excess of the sum of saved 
energy costs and hidden benefits will result in low customer participation rates. Utility 
program managers can respond by simply dropping problematic measures from the list of 
technologies sponsored by their program. 

The same goes for procurement-based incentive programs that mainly depend on 
manufacturers. In procurement programs aimed at introducing novel designs, such as the 
recent advanced refrigerator programs in the U.S. and Europe, participating manufacturers 
have the same incentive to meet all consumer requirements in an optimal fashion as they do 
in manufacturing conventional technology. Failure to do so in the case of a widely 
marketed new device would damage the image of their name brands. 

Hidden costs and benefits in energy efficiency standards programs 

In modem practice, regulatory efficiency standards are generally formulated to avoid losses 
of consumer amenity. The risk for such hidden costs is greatest in the case of products that 
are highly visible to consumers and have to meet several purchasing criteria in terms of 
appearance, configurations, and size selection. Prominent examples are appliances and 
buildings that house residents and workers. In industrial applications, ergonomic issues 
can potentially be an important source of hidden costs or benefits. 

1 5 Much of this body of empirical knowledge and practical experience is only published in the gray 
literature. See, for example, the proceedings of the biennial Summer Study Workshops of die Amercan 
Council for an Energy Efficient Economy (ACEEE 1994) or the proceedings of the National Demand-Side 
Management Conferences of the U.S. Electric Power Research Institute (EPRI 1993), and the Chicago 
evaluation conference (ANL 1995). For a cross-sectional summary of the program experience gained to 
date, see Nadel (1990). For an analysis of different lighting efficiency programs, see Krause et al. (1989) 
and Eto et al. (1994). See also Koomey (1990) for an assessment of the question of hidden benefits or costs 
in the case of energy efficiency in new commercial buildings. 
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A proven approach for avoiding hidden costs is exemplified by the U.S. practice of 
combining voluntary incentive programs with appliance efficiency standards. The pilot 
rebate programs conducted by utilities increase market share for technologies that had been 
blocked by high transaction costs. By providing experience with customer acceptance of 
utility-sponsored efficiency measures, these programs serve as early warning systems 
should a technology fail to meet customer requirements. Once a technology has proven its 
viability in voluntary programs, the market penetration process can be taken over and 
completed through standards. 

The U.S. appliance efficiency standards also avoid losses of amenity by applying separate 
energy efficiency requirements for each product class and size class. This approach 
preserves the other product features consumers value, such as the configuration of freezer 
and cooling compartments in refrigerators, and a broad selection of models. Indeed, 
studies of the appliance markets since standards were promulgated show that the number of 
refrigerator models did not decline, but actually increased, while real prices declined 
(Levine et al. 1994). 

Similarly, recent building energy efficiency norms promulgated in a variety of 
industrialized and developing countries emphasize performance-based formulations rather 
than prescriptive formulations. These preserve architectural design freedom in choosing 
the size and placement of windows, etc. 

Treatment in this study 

Because of inherent difficulties in quantifying hidden costs or benefits, we do not include 
credits for hidden benefits in our cost-effectiveness calculations. However, we do consider 
any evidence for technological problems and side-benefits in a qualitative manner. In view 
of evidence from program experience that most energy efficiency technologies offer 
pervasive and significant comfort, amenity, and productivity benefits while hidden cost 
problems are more the exception than the rule, this approach is an important conservatism 
in our economic analysis. 

Where program experience has shown that a particular energy efficiency option has hidden 
cost problems that have inhibited its adoption (and that cannot be overcome through 
straightforward improvements in redesigned products), we eliminate that technology from 
our portfolio. 

For example, in our analysis of lighting efficiency measures, we assume the application of 
compact fluorescent lamps (CFLs) only in those fixtures where its less sparkly light quality 
does not interfere with customer amenity. This means that CFLs are assumed to penetrate 
only a portion of residential fixtures. At the same time, we assume that fixture fitting 
problems will be resolved over time through redesign of fixtures and shades, a 
straightforward product improvement 
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6. ADMINISTRATIVE COSTS OF POLICY IMPLEMENTATION (ITEM 18) 

Utility incentive programs and other policy interventions to reduce the barriers against 
demand-side efficiency improvements bring with them administrative costs. In the case of 
utility incentive programs, these are costs for marketing, customer contacts, audits, trade 
ally recruitment, issuing of rebates, monitoring, and evaluation. An additional cost arises 
for verifying reported program savings. Unlike incentive payments to customers or profit 
incentives for utilities, which are a transfer payment, these utility program administrative 
costs represent a true societal cost of DSM, and must be included in assessments based on 
the total resource cost perspective. 

DSM resource potentials cannot be fully mobilized by incentives programs alone. As the 
cumulative participation rates of programs increase, free rider fractions also rise (Krause 
1989), and reaching remaining customers becomes more difficult. At the same time, the 
program may create free drivers (spill-over effects), i.e., people who adopt the measures in 
response to the program, but without obtaining financial incentives. The broader market 
penetration of the sponsored efficiency devices in response to the utility program then 
forms a basis for introducing regulatory standards that make these efficiency opportunities 
available at zero transaction costs to all consumers. 

Utility incentives programs can also be supplanted by energy service companies (ESCOs). 
For a given level of effectiveness, the administration and savings verification costs of utility 
programs, ESCO programs, and state standards can vary significantly, and a disaggregated 
treatment is required. 

Below, we develop high and low cost estimates for these components of DSM resource 
costs, based on program experience to date. Unfortunately, the data on costs and 
effectiveness of these programs from European experience are so limited at this time that 
plausible administrative cost estimates are best derived from U.S. experience. More than 
90 percent of the experience with utility demand-side efficiency programs and mandatory 
energy efficiency standards for appliances to date has been accumulated in North America. 

Administrative costs in current generation programs 

Utility programs 

For residential and commercial sector savings, we include program administrative costs on 
the basis of two in-depth case studies performed by Krause et al. (1989) and Eto et al. 
(1994) at the Lawrence Berkeley Laboratory's Energy Analysis Program. The studies used 
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a significantly more in-depth methodology than previous work in this field. Their 
methodology has been adopted for the Database on Energy Efficiency Programs (DEEP) 
that is being supported by the International Energy Agency of the OECD. 

The basic methodology, which was developed in the earlier study by Krause et al. (1989), 
was to analyze all program cost components from a societal perspective rather than the 
utility perspective that had dominated many assessments that focused primarily on rate 
impacts rather than societal electricity bills. This methodology derived program costs from 
actual utility records of expenditures and through in-depth interviews with program staff. 
It further ensured that both the utility and customer portions of the investment costs of 
energy efficiency investments were included, and that administrative costs and free rider 
effects were explicitly added to total costs. 

Based on a sample of 12 programs, Krause et al. (1989) found administrative costs with a 
range of 0.3-0.7 cVkWh (1.0-1.4 Pf/kWh in 1989 DM at our 2:1 exchange rate convention 
based on purchasing parity). The study also suggested that there is no definite relationship 
between program administration costs and the amount of per-customer savings obtained. 
That is, the higher outreach costs in more aggressive programs were offset by greater per 
customer savings. 

The early analysis by Krause et al. (1989) was limited by a lack of measured data on the ex 
post energy savings that resulted from the programs. Because of improved utility efforts 
and regulatory oversight the follow-up work by Eto et al. (1994) was able to rely on more 
complete data than the first study. The sample studied was entirely taken from programs in 
which savings had been verified through ex post measurement The study analyzed 20 
programs that represented about 15 percent of total DSM spending in the U.S. in 1991 — 
the largest statistical sample to date that has been subjected to a unified in-depth analysis of 
program costs. 

Eto et al. (1994) found that on an average levelized basis, program administrative costs in 
twelve lighting programs cost 0.5-0.7 0/kWh saved, essentially the same result as in the 
earlier study by Krause et al. Administrative costs caused by free riders added on average a 
minor, about 10 percent increment to these figures. The impact of program verification 
costs was likewise small (see below). 

When compared to average technology costs of about 3.5 0/kWh, these program 
implementation costs represent only about 15 percent of the societal cost of energy savings. 
At about 4 0/kWh, these savings are robustly cost-effective against residential and 
commercial electricity rates of about 7 0/kWh, with a benefit/cost ratio of close to 2:1. 

This work puts in perspective an earlier analysis by Joskow and Marron (1993), who 
independently attempted to quantify administrative and other indirect costs of DSM 
programs. Based on a smaller sample of programs, a lack of measured savings data, and a 
much less thorough analysis, Joskow and Marron suggested that the total costs of DSM 
programs might be 30-100 percent higher than reported by the utilities in the sample. In 
particular, they argued that administrative costs, free-rider related costs, verification costs, 
and actual versus computed savings were insufficiently accounted for in most utility cost-
effectiveness assessments. 
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The claimed underestimation in the Joskow and Marron study has been disproved by Eto et 
al. (1994). Instead, the work by Eto et al. suggests that the early cost assessment practice 
of many U.S. utilities had been close to the mark: in the past, many simply added a 20 
percent surcharge to energy efficiency technology costs in order to account for program 
implementation in an approximate manner. 

In all of the above analyses including that by Eto et al., no account was taken of possible 
spill-over effects from broader market transformations induced by the incentive programs. 
Neither were the gains in consumer surplus taken into account that often arise from the 
higher comfort and reliability of energy services provided by new energy-efficient 
technologies. Spill-over effects, which are the explicit aim of recent innovative 
procurement-based market transformation programs, are also routinely overlooked in 
calculations showing that cost-effectiveness appears to suffer from free riders. 

Costs of verification and savings guarantees 

The program administration costs from utility experience typically do not include the cost of 
guaranteeing the savings as estimated in engineering calculations. As utilities are beginning 
to receive a share of DSM savings as a profit incentive, the issue of savings verification is 
gaining prominence. 

The analysis by Eto et al. (1994) analyzed programs in which savings were measured, and 
thus verified. It found that the costs of program evaluation and savings verification were a 
minor component (3 percent on average) of utility program expenditures. Better accounting 
by utility program managers and more exacting evaluation demands could push this figure 
somewhat higher, though it would remain small in absolute magnitude. 

Somewhat higher verification costs are also suggested by results from U.S. demand-side 
bidding auctions (Goldman and Kito 1994). In these auctions, energy service companies 
are awarded contracts obliging them to verify savings before receiving payment. However, 
it is difficult to separate higher profit margins or the higher costs of capital such firms may 
face from verification-related costs. 

On the other hand, it is likely that evaluations will become more efficient as more 
experience is gained with the reliability of engineering estimates, and as the need for 
elaborate verification becomes better understood on a case-by-case basis. Also, utilities 
may be in a better position to verify savings more cheaply in the future, on account of new 
electronic monitoring technology and of their access to billing information and other 
customer data. 

Mandatory efficiency standards 

Based on U.S. experience, the administrative costs of appliance efficiency standards are of 
the order of 0.1 0/kWh, or 0.2 Pf/kWh. In general, costs for the regulation of equipment 
efficiencies are low because enforcement is simple. 
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In the case of building performance standards, enforcement is more complex, especially in 
the commercial sector, where highly project-specific designs are involved. Here, 
administrative costs could approach those of utility programs, but data are lacking. 

Anticipated future changes in program administration costs 

Finally, the above cost range from the two studies at Lawrence Berkeley Laboratory does 
not yet take into account the feedback effect on future programs of the experience gamed to 
date. This feedback effect might well lower future program administration costs even 
before spill-over effects are taken into account Some of that gain may be canceled by 
higher administrative costs as programs are aimed at higher penetration levels and at those 
customers that are more difficult to reach, though a transition to standards may circumvent 
this problem. 

Going beyond conventional utility rebate programs, significantly lower program 
administration costs can be expected from market transformation programs, since these 
generate savings from all customers in all service territories, not just from those in the 
service territory where customer rebates are being offered. For such programs, 
administrative costs per kWh saved are likely to approach the very low levels of appliance 
efficiency standards (see below). 

Treatment of program costs in this study 

We define a low/high range for the administrative costs of both standards and utility 
programs. We further distinguish between the residential, commercial, and industrial 
sector. Reflecting experience to date in the U.S., it is assumed that half of the savings 
potential is realized through standards, and the other half through utility rebate or market 
transformation programs. Table A. 10.3.4 shows our calculations and assumptions.16 

1 6 Program administration costs are more customer-related than correlated with the levelized cost of a 
measure. The application of an absolute correction is more accurate than a percentage correction in this 
instance. 
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Table A.10.3.4: Administrative costs of demand-side electricity resources. 

Incentive programs 

residential 

commercial 

industrial 

Efficiency standards 

equipment 

buildings 

Weighted 

residential 

commercial 

industrial 

Administration/verification costs 

Low High 
Pf/kWh PfiWh 

1.0 2.0 

0.8 1.5 

0.5 1.0 

0.1 0.3 

0.5 1.2 

0.6 1.2 

0.5 1.0 

0.4 0.9 

Contribution to total sectoral savings 

Residential Commercial Industrial 

50% 

50% 

80% 

45% 35% 18% 

5% 15% 2% 

100% 

100% 

100% 

(1) Prices in 1989 DM. 
(2) Exchange rate convention: 100 Pf = 0.5 ECU = 0.5 US $ (purchasing power parity). 
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7. FEEDBACK EFFECTS OF REGULATORY AND INCENTIVE POLICIES ON THE 
COST AND MARKET PRICE OF ENERGY EFFICIENT TECHNOLOGIES (ITEM 19) 

Due to the phenomenon of the payback gap, which reflects major market failures and 
barriers in the competition between energy efficiency investments and energy supplies (see 
Part 1 of the IPSEP study), manufacturers and builders have a much reduced incentive to 
market devices of higher first cost that could deliver energy services at lower life cycle cost 
Faced with first-cost conscious, inattentive, or uninformed consumers, the route of 
commercial success is to sacrifice higher energy efficiency to lower first cost Sales then 
do not mainly depend on how efficient the product is. Sales of the more efficient products, 
which only a minority of customers demand, are typically much less important to the 
manufacturer's market share than the high volume sales of inefficient ones. 

This dynamic has profound practical ramifications that are often overlooked in studies on 
the economics of energy efficiency. Most purchases occur, and competition is greatest at 
the low-cost end of the market. This mass market, which is ruled by first costs, offers 
relatively low profit margins. Manufacturers then compensate for this effect through higher 
margins on more energy-efficient equipment that is sold to small customer segments 
valuing this attribute. Insofar as the price paid for energy-efficient equipment is the sum of 
the costs of manufacture and distribution plus the profit margin, the cost-effectiveness of 
energy efficiency technologies is strongly shaped by these marketing strategies. 

To make this qualitative insight useful for our quantitative analysis, we give several 
examples where a combination of market research and engineering-economic analysis 
permit the quantification of these effects. 

Illustrations: four practical examples 

Example 1: Energy-efficient refrigerators and freezers 

A telling illustration of energy efficiency pricing patterns is found in the "eco freezers" 
appliances that are specifically marketed toward the environmentally minded customer who 
wants high efficiency. If one performs an engineering-economic analysis of the extra cost 
of these appliances (N0rgard 1985a, GEA1993, GEA 1994), one finds that current mark
ups are not only far higher than those for standard models, but also higher than the average 
mark-ups that are commonly used to translate engineering costs at the level of product 
manufacturing into retail prices (GEA 1994). 

Specifically, currently marketed energy-efficient upright freezers as analyzed in a German 
utility study would save 31 percent of electricity compared to standard models while 
costing an extra 350 DM retail at 1993 prices (ARGE 1993). This extra cost for efficiency 
is equivalent to 175 ECU (1 DM = 0.5 ECU). Similarly, an energy-efficient chest freezer 
is reported to save 44 percent and cost an extra DM 550 retail, or 275 ECU. 
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Very different figures are obtained in an in-depth engineering-economic analysis by the 
European Group for Energy Efficient Appliances (GEA 1993). Cost figures in that study 
were developed in consultation with manufacturers as part of the deliberation process on 
European refrigerator efficiency standards. They included fixed manufacturer, wholesaler, 
and retailer mark-ups. Component costs were based on actual experience with small-scale 
production, which was extrapolated to mass-production based on standard procedures for 
costing manufacturing processes. 

For freezers of standard efficiency, this procedure resulted in retail price estimates that were 
within about 10 percent of the market prices reported by ARGE (1993). In other words, 
the fixed mark-ups used in GEA's engineering-economic analysis were a good 
representation of pricing patterns as found for standard equipment 

For energy-efficient freezers, GEA's engineering-economic analysis shows that the energy 
efficiency gains offered by the models analyzed in the ARGE report should have retail costs 
of only about 40 ECU in the case of the upright freezer, and only about 100 ECU in the 
case of the chest freezer. 

Thus, current market prices for energy-efficient freezers are more than four times higher in 
the case of upright freezers (175 ECU versus 40 ECU), and almost three times higher in 
the case of chest freezers (275 ECU versus 100 ECU), than mass production costs as 
estimated by European refrigerator manufacturers and other industry experts. 

While some of the discrepancy can be attributed to lower component costs under mass 
production, the surprisingly large gap reveals a second factor: retail mark-ups on energy-
efficient freezers seem to be much higher under current market conditions than they would 
be if the same models were to represent the major market arena for manufacturer 
competition, i.e., under regulation through efficiency standards. 

Example 2: Washing machines 

In a report on energy efficiency options in wet appliances (washing machines, 
dishwashers, and dryers), GEA (1994) explores the issue of pricing strategy from a 
different angle. Starting from a sample of about 50 appliances composed of standard 
equipment and models with an increasing numbers of efficiency options, die researchers 
calculated the effective market price of each additional efficiency option, using current retail 
prices as a basis in each case. 

In a second step, the same energy efficiency improvements were evaluated using 
engineering-economic component analysis. Again, component costs were multiplied by a 
fixed mark-up to arrive at retail prices. The fixed mark-up (a factor of 5.3) replicated 
observed retail prices for the most energy-efficient appliances. This same mark-up was 
then applied to less efficient appliances, using an engineering-economic analysis. 

The results of this comparison are shown in Figure A. 10.3.1 (market vs. engineering-
economic prices). They are quite telling. First there is a widening discrepancy between 
the mark-up used for the most efficient models and for less efficient models. The base case 
model would be 35 percent more expensive than its actual market price if the same mark-up 
were used as for the most efficient model. In other words, there is really no fixed mark
up. The closer the model is to the standard equipment at the low end of the market, the 
lower the mark-up the product carries. 
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Figure A.10.3.1: Mark-up of standard and energy efficient wet appliances 
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The second observation is that given a fixed 5.3-fold mark-up, the first cost difference 
between the most efficient model and the standard model would be only 50 ECU for the 
appliances studied, while the actual market price difference was 325 ECU. In other words, 
the premium being demanded for the efficient model is 6.5 times higher than it would be in 
a fixed mark-up environment 

Again, these data show the fierce competition on first cost alone that exists among 
manufacturers in the mass market of standard equipment Other product attributes such as 
reliability, special options, and energy efficiency are found only in the higher end of the 
market where price competition is less intense and higher mark-ups are accepted. 

Example 3: Compact fluorescent bulbs 

Compact fluorescent light bulbs (CFLs) are perhaps the most widely quoted example of 
technical options for improving the efficiency of electricity use. Under current market 
conditions, retail prices for these lamps are shaped by the same phenomenon of high mark
ups that were observed for white goods above. Residential customers, who buy lamps in 
small quantities only, can expect to pay prices up to 30 times higher than those for 
incandescent bulbs. 

If the same lamps were offered to residential customers through utility-sponsored demand-
side management programs, customers would obtain the benefit of the substantial market 
power of their utility. They could obtain the technology at a negotiated mass market price, 
plus a small cost for the program administration costs of the utility. Illustrating this 
potential, a Danish utility was able to obtain CFLs at one fourth of the retail price when it 
made a mass purchase of 240,000 units for its give-away program (Mills 1994). 

Another illustration of the large potential for reducing the price of energy efficient lamps is 
found in innovative utility DSM programs in California, where a utility enlisted the 
cooperation of an independent manufacturer of these bulbs. Because this firm was not in 
the business of also selling incandescents, its pricing strategy was not encumbered by the 
need to protect and maintain incandescent sales. For established lamp manufacturers that 
produce the full line of lamp products, incandescents represent a large portion of revenues. 
As a result, they have priced compact fluorescents for a niche market not as a substitute for 
their current incandescent mass market In the U.S., it is estimated that procurement 
programs based on utility-manufacturer consortia can transform the lamp technology 
market in such a way that compact fluorescents will soon reach the price at which they will 
be bought on impulse, i.e., about $3 per lamp (see also Section C of this report). 

Example 4: Energy-efficient windows 

Some of the very cost considerations that make energy-efficient equipment expensive 
relative to standard versions — ranging from duplicative warehousing costs to the width of 
delivery trucks— can accelerate the penetration of energy efficiency once more efficient 
products have reached a threshold market share. 

For example, a major window manufacturer in the U.S. voluntarily discontinued offering 
conventional, low insulation glazing once better-insulated windows reached a significant 
market share of sales: the cost of warehousing bulky stocks of both types of windows in 
the many versions of window sizes and frames required by builders proved too 
burdensome. 
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This development was partly induced by stricter energy efficiency standards for buildings. 
These standards differed from state to state and were performance-based, i.e., they did not 
necessarily prescribe high-insulating glazing when overall performance could also be 
achieved through a combination of other measures. The market transformation was also 
partly attributable to a well-organized voluntary technology transfer and window rating 
program supported by the U.S. Department of Energy through the federal research 
laboratories. 

This spill-over effect is an important indirect benefit of energy efficiency policies. It is a 
central factor in the concept of utility-sponsored market transformation programs. 

Implications for policy analysis 

These examples lead to the following important conclusions: 

• Prevailing market conditions, which are characterized by short 
payback requirements and a dominance of first costs, not only prevent 
the adoption of optimally efficient equipment by most customers; they 
also make that equipment significantly more expensive for those 
customers who do buy it. 

• The retail market prices of many energy efficient products can be 
drastically reduced through market transformation policies. Such 
policies move energy-efficiency features from the small high end of 
the market to the first-cost oriented low end of the market. Examples 
for market transformation programs include mandated energy 
efficiency standards, procurement programs providing financial 
incentives for manufacturers, utility rebate and incentive programs for 
customers, and voluntary programs involving manufacturers. 

• Relative to present market conditions, standards and incentive policies 
could reduce the extra first costs and with them, the costs of 
conserved electricity, by as much as a factor of 3-6.5, as shown by 
the examples reviewed above. In certain cases, where die production 
cost differential between more and less efficient devices is small, the 
first cost premium for the energy saving versions may even disappear 
or turn into a first cost saving, merely on account of the shifts in 
pricing strategies such policies cause.17 

• Utility incentive programs could reduce the first cost of energy-
efficient products to their residential and small commercial customers 
even before standards and market transformation programs have 
shifted manufacturer pricing strategies, by obtaining efficient 
equipment at whole-sale discounts for large-scale purchases. 

1 7 This phenomenon was, in fact, observed following the introduction of early energy efficiency standards 
for refrigerators in the U.S., where real prices declined from 1986 to 1991 and nominal prices remained 
constant (AHAM 1993). A specific example is the standards-induced replacement of mineral wool in 
refrigerator doors by polyurethane foam, which not only reduced electricity consumption but also the 
manufacturing cost for the door. 
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In conclusion, the current high price premiums for many energy-efficient products are an 
inadequate basis for policy-oriented cost-effectiveness studies. Policy makers should not 
be misled by the superficial empiricism of these data, which may seem to make them more 
reliable. For the purpose of assessing the economics of energy efficiency and integrated 
resource planning policies, proper technology costs should always be developed from an 
analysis of market transformation effects. 

The use of high technology first costs based on current niche market prices is particularly 
flawed when examining strong government policies to reduce carbon emissions and 
increase energy efficiency. In past policy-oriented analyses, the costs of conserved 
electricity has routinely been overestimated. Almost without exception, these studies did 
not consider the pronounced declines in first costs when government policies force 
manufacturers to change their pricing strategies in the face of transformed markets. 

Treatment of policy effects in this study 

Consistent with the policy context and time horizon of our study, we base the low cost case 
of our sensitivity analysis on significantly lower first costs for many energy efficiency 
improvements than found in the market today. In order to acknowledge the considerable 
uncertainty in estimating the development of prices under alternative market structures, we 
also use a high estimate. Where manufacturing cost analyses are available, we express our 
high/low range in terms of the price mark-up for incremental manufacturing costs related to 
efficiency improvements. In the low case, this mark-up is assumed to be 50 percent 
reflecting an extrapolation of observed patterns in the appliance area (e.g., refrigerators). 
In the high case, it is assumed to be 125 percent, reflecting the more conservative treatment 
of manufacturer mark-ups in the analyses supporting the appliance efficiency standards in 
the U.S. As a result, our high CCEs are 50 percent higher than the low CCEs, except 
when otherwise noted (see also Section E below). 

In those end-uses where such a detailed analysis of manufacturing and distribution costs 
versus mark-ups is not feasible, we develop a low and high estimate based on current 
market or industry-projected prices and on best available engineering-economic analyses. 
The high estimate is again 50 percent above the low estimate. In end-uses where data and 
cost uncertainties are particularly large (e.g. industrial motor drives), the high estimate is 
100 percent above the low estimate. 
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8. ECONOMIC FEEDBACK EFFECTS FROM CHANGES IN ELECTRICITY AND 
ENERGY SERVICE PRICES 

Take-back effects from lower energy service prices (Item 20) 

Since most energy efficiency investments are economically cost-effective and reduce 
consumer energy bills, the resulting increase in disposable income may lead to greater 
demand for energy services. Measured savings may include this income effect (also 
referred to as rebound or take-back effect), while engineering-economic savings estimates 
don't. 

Available evidence from impact evaluations of a significant sample of energy efficiency 
programs in the U.S. shows that near-term take-back effects from lower energy service 
bills are generally small or not detectable. Nadel (1993) finds essentially zero take-back in 
residential space heating, water heating, and refrigeration. Some take-back (roughly 10 
percent of savings) occurs in residential lighting. In a small sample of industrial programs, 
a take-back of about 2 percent seems to have been observed. Overall, empirical evidence to 
date suggests that at least in stationary applications, take-back is minimal or negligible. 

The same review, as well as experience in European lighting efficiency demonstration 
programs (see Section C) shows that technological and other, non-income related factors 
can lead to higher utilization of energy-efficient end-use devices compared to conventional 
ones. For example, if a continually dimming lighting system is installed in an office in 
which automatic-off, manual-on control was used previously, somewhat more lighting 
energy may actually be consumed with the new system. This technological take-back effect 
arises because workers or residents will avail themselves of the increased comfort and 
convenience that is offered by the new system. 

Evaluation studies of energy efficiency programs can discern take-back effects only over a 
few years of follow-up, and only in a narrow sense. Some of the economic feedback 
effects of lower energy bills may appear only once consumers that participated in an energy 
efficiency program go out to buy new appliances, cars, or housing. At that point they may 
choose somewhat larger, more expensive, and more energy consuming end-use devices 
than they would have without the gain in income from earlier energy saving measures. 

Another important longer-term take-back effect may arise because strong policies to 
increase energy efficiency throughout the economy will also lower the future (pre-tax) 
prices of fuels and electricity below those of a business-as-usual scenario. As discussed in 
greater detail in Part 1, Chapter 2 of the IPSEP study, this economy-wide price effect can 
be of a significant absolute magnitude. Such indirect effects from lower fuel prices will 
augment take-back effects from the reduction in energy bills through efficiency 
improvements. 
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Influence of take-back effects on cost-effectiveness of energy efficiency measures 

Take-back effects reduce the absolute amount of energy savings in a given year below 
those predicted from a static engineering-economic analysis. In doing so, take-back effects 
increase the level of final energy demand and carbon emissions over those predicted from 
such static analysis. They are thus of principal importance in the context of the present 
study on the economics of carbon reductions. 

In an economic sense, take-back effects are a desirable outcome. When efficiency 
improvements are implemented through the installation of new technological hardware, 
what is "taken back" are not technical energy efficiency improvements (as measured by the 
energy intensity factor or EIF), but additional increments of energy services. These 
additional increments will now be supplied by the same more efficient technologies, with 
the difference that the technology is being used in more installations, or that the energy-
efficient end-use device is being used more intensively. 

The price effects of energy efficiency policies are again a desirable market regulation. 
Here, it is important to understand the manner in which lower fossil fuel prices will work 
under alternative policy regimes. As explained below and in Part 1 of the IPSEP study, the 
economic savings from such price effects are considerable while their impacts on the cost-
effectiveness of energy efficiency improvements is likely to be negligible under carbon 
reduction policies. 

First, aggressive energy efficiency policies will mainly slow the rise in pre-tax fossil fuel 
prices that is projected under business-as-usual conditions. Absolute pre-tax prices for 
fossil fuels will not necessarily decline. Second, if an energy or carbon tax is part of the 
mix of policy instruments being used to implement energy efficiency gains, or if tradeable 
emission rights limit the utilization of cheap fossil fuels through emission caps, these policy 
instruments may more than offset pretax price drops. As a result, prices for fossil fuels at 
the retail level may actually rise faster than under business-as-usual policies (see Part 1 for 
further discussion). 

Third, even if efficiency policies were to bring about an absolute decline in retail fuel 
prices, the effect on the cost-effectiveness of most efficiency investments would be small. 
Most energy efficiency investments are highly cost-effective based on business-as-usual 
projections of energy prices or even present energy prices, with typical benefit cost ratios 
of about 2:1. As a result, the cost-effective energy efficiency potential will be little 
affected. 

Impacts of take-back effects on the zero net cost potentialfor reducing carbon emissions 

While take-back effects do not significanUy narrow the pool of economically attractive 
energy efficiency technologies, the take-back induced growth in energy service demand is 
important for this study, which aims to quantify the potentials for reducing carbon 
emissions below a fixed (1985) reference level. As the economy grows and higher levels 
of energy services are required, more low-carbon technology options will be required, and 
the cost of the options needed to produce emission reductions will rise. Feedbacks from 
income-effects and other forms of take-back effects will, in effect, increase the growth in 
energy services above the levels projected for the business-as-usual context The reach of a 
given pool of cost-effective energy efficiency improvements in producing absolute 
reductions in emissions below a reference level will be shortened by this boost to energy 
service growth. 
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Treatment of take-back effects in this study 

Empirical analyses of take-back effects in actual energy efficiency incentive programs 
suggest that these effects are small in most end-uses (Nadel 1993), but additional effects 
may arise from lowered fuel and electricity prices. In the IPSEP study, the two effects are 
incorporated in a conservative manner by increasing the rate of energy service growth by a 
generous margin over business-as-usual projections. 

Insight into this aspect of our analysis is best gained by considering the relationship of 
bottom-up projections of future energy service demand and econometric demand 
projections derived from top-down models (see Part 1 for a generic discussion of the 
relationship between these two types of analysis). 

The reference case for our analysis is a business-as-usual scenario based on the "Energy 
for the Next Century" study performed by the Directorate General of the European 
Commission (CEC 1990). In that study, electricity demand is largely derived on the basis 
of aggregate coefficients describing historic trends in the relationship between economic 
growth and electricity use.18 

Based on this kind of analysis, and its extrapolation from the 2010 time horizon used by 
the CEC to the year 2020 horizon used in the IPSEP study, one obtains a 1.8-fold increase 
in the consumption of electricity over the level of the 1985 base year. If one takes into 
account the CEC predictions of efficiency improvements in electricity use, one arrives at an 
increase in the consumption of energy services by a factor of about 2.1. 

This business-as-usual projections of energy service growth is, of course, fraught with 
significant uncertainties, since the conditions from which econometric coefficients were 
derived no longer exist. We therefore examine its plausibility on the basis of a different 
source of forecasting data, using a bottom-up approach. 

Our bottom-up estimate of future energy service demand proceeds from estimates of 
growth in individual electricity applications, such as lighting, industrial drives, etc. These 
end-use specific projections can be derived from sales trends or can be obtained from 
manufacturers of end-use equipment and other trade specialists, since they routinely 
research their markets and are well-apprised of growth potentials and saturation trends. 
Utilities often make similar end-use based projections for the residential end-use markets. 
To account for the uncertainties inherent in these manufacturer and trade ally estimates, we 
rely on the high end of the ranges of suggested growth factors. 

Aggregating this type of information across all electricity applications again leads to a major 
increase of total energy service demand, only that this bottom-up estimate is significantly 
lower than the econometric estimate. Only a 1.67-fold increase in electrical energy service 
demand is plausible when developments are analyzed end-use by end-use, compared to a 
2.1-fold increase in the top-down approach (see Section K below). 

1 8 Some end-use based projections are incorporated in the residential sector 
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As discussed in Part 1 of the IPSEP study, this roughly 30 percent higher energy service 
demand predicted by top-down models can be attributed, among other things, to the 
inability of econometric methods to capture structural changes and saturation trends in the 
economy. Our discussion of industrial electricity consumption for process applications in 
Section H below and in Part 6 of the IPSEP study illustrates these structural changes and 
saturation effects in quantitative terms. 

For the sake of simplicity, we assign this entire 30 percent "growth gap" between 
econometric and bottom-up forecasts of energy service demand to take-back effects. 
Lumped in with this figure are any other increases in electricity demand that might arise out 
of uncertainties in the statistics about energy use and energy efficiency in the base year. 
Also included are any new electricity-specific end-uses that may arise from technological 
innovation. Such new end-uses would be on top of the high-growth electronics and 
telecommunication end-uses that are already explicitly incorporated in our bottom-up 
analysis. 

Income effects from higher electricity prices (Item 21) 

If energy efficiency is implemented through financial incentive programs, these programs 
are likely to increase electricity prices if incentives to end-users are financed through energy 
taxes or higher electricity rates. Such price increases will create an income effect opposite 
to the take-back effect — at least until concomitant reductions in energy bills will have 
compensated for this effect through faster economic growth.19 

Treatment in this study 

In our analysis, we calculate by how much energy and electricity prices would need to be 
raised in order to finance the implementation of energy efficiency potentials (see Part 3 A). 
This price impact is of interest in understanding potential effects from energy efficiency 
oriented policies on the utility industry. 

However, such price impacts do not determine the economic efficiency of demand-side 
technologies. That efficiency continues to be defined by the cost-effectiveness of these 
technologies on a life cycle cost basis. So long as life cycle costs per unit of energy service 
can be lowered relative to business-as-usual trends, overall economic impacts will be 
beneficial. 

19 if energy efficiency standards are used, an analogous effect will arise from increased prices for the 
regulated end-use devices. This price increase may reduce the demand for these devices. The financing of 
energy efficiency programs through the general treasury will likewise displace some other form of 
investment or consumption. 

Page A. 10.3.53 



9. S U M M A R Y 

We now can summarize those cost elements out of our list in Table A. 10.3.1.a and b 
(Section A above) for which we have developed quantitative corrections. This summary is 
shown in Table A. 10.3.5. Our analysis shows that it is indeed important to go beyond a 
purely project or technology cost based assessment and make cost corrections for internal 
gains in buildings, for T&D credits, and for administrative policy costs. In the low case 
(referring here to assumptions that lead to the low end of our CCE range), the uncorrected 
CCE will overestimate the cost of electrical efficiency improvements by 1.5-2.1 Pf/kWh, 
depending on the sector. In the high case, the range is from a slight overestimation in the 
case of industrial savings (-0.4 Pf/kWh) to an underestimation by 2.3 Pf/kWh in the 
residential sector. 

Furthermore, our analysis shows that residential sector corrections are least favorable 
(smaller credits in the low case, and higher penalties in the high case), while they are most 
favorable in the industrial sector. The commercial sector falls somewhere in the middle. 

Procedure for incorporating cost corrections 

In our further analysis, we proceed as follows. We first analyze technology costs on a 
project basis. We introduce our high/low variation of technology costs at that point. We 
then summarize in Section K the supply curve of electricity savings, broken down by 
sector. To this supply curve, we apply the sectoral corrections shown in Table A. 10.3.5. 
The revised supply curve then becomes the basis for integrating demand-side resources 
with supply-side resources (see Part 3A). 
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Table A.10.3.5: 

Internal gains 

T&D credits 

Summary of CCE corrections. 

residential 
commercial 

industrial 

residential 
commercial 

industrial 

Program administration costs 

Total corrections 

residential 
commercial 

industrial 

residential 
commercial 

industrial 

Low 
Pf/kWh 

1.8 
1.3 
0.0 

-3.8 
-3.8 
-2.5 

0.6 
0.5 
0.4 

-1.5 
-2.1 
•2.1 

High 
PffkWh 

3.6 
2.9 
0.0 

-2.5 
-2.5 
-1.2 

1.2 
1.0 
0.9 

23 
1.4 
-0.4 

(1) Prices in 1989 DM. 
(2) Exchange rate convention: 100 Pf=0.5 ECU = 0.5 US $ (purchasing power parity). 
(3) Internal gains from Table A.10.3.2. T&D credits based on Table A.10.3.3. 
(4) Program administration costs from Table A.10.3.4. 

Page A. 10.3.55 



C. HOW ELECTRICITY IS USED 

1. ELECTRICITY CONSUMPTION BY END-USE ACROSS ALL SECTORS 

In the following section, we disaggregate electricity use into six major end-use categories: 
lighting, appliances, space heating, water heating, processes, and motor drives. For each 
of these categories, we further break down electricity use by sector: residential, 
public/commercial, and industrial. Under drives, we also break out transport sector 
electricity use. The result is a disaggregation of electricity use into 19 segments. 

These 19 segments form the basis for the energy efficiency supply curve we use in our 
integrated power sector scenarios (see Part 3A of the IPSEP study). However, our 
analysis of energy efficiency technologies in this report is far more disaggregated. The 
level of disaggregation in our technology analysis is mainly determined by the availability 
of the necessary end-use data. 

Good details of electricity consumption in the EC-5 region only exist for the domestic 
sector. These figures indicate that appliances consume the largest amount of electricity, 
followed by space heating, water heating, cooking and lighting, generally in descending 
order. In the Netherlands, however, the amount used for heating or cooking is 
comparatively low, and little is used for space heating in Italy. 

For public and commercial buildings, survey data exists for the UK, Germany and the 
Netherlands. There is some inconsistency, largely because each country uses a different 
division between end uses. Compared to other countries surveyed, the German data shows 
a much smaller proportion of electricity used for lighting. 

For the industrial sector, German survey data indicates that motor drives are responsible for 
more than 50% of electricity consumption (see Table A. 10.3.6 below). However, more 
work is needed in all EC countries to characterize more fully the equipment used, its 
operating hours and the resulting load profiles. 

Totals for all sectors by end-use and country are shown in Table A. 10.3.7 (below). The 
end-use breakdowns within each sector are based on estimates developed in this study. 
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Thermal end-uses 

Space Heating 

Domestic space heating consumed 76 TWh in 1985, equivalent to the output of 15 large 
baseload power stations. Relatively little is known of space heating energy use in industry, 
but surveys in Germany (RWE 1985, Jobsky and Pohlmann 1987) showed that little 
electricity was used for this purpose. Some is certainly used for industrial space heating in 
the UK, but it is a small proportion of total electricity, about 1%. Neglecting the industrial 
component of space heating, space heating in non-domestic buildings consumed about 86 
TWh/year. Total electric space heating consumed 163 TWh in 1985, equivalent to the 
output of 33 large central stations. 

Water Heating 

We do not know of any data on electric water heating in industry, but consumption is likely 
to be small. As a rough estimate, 62 TWh/year is used for heating water across all sectors, 
equal to the output of 12 large power stations. 

Process Use 

Process applications of electricity in homes, industry and commerce consumed 164 TWh in 
1985, equivalent to the output of 33 large power stations. The commercial portion is 
mostly cooking. Whereas 75-80% of commercial cooking in the USA is done with gas, a 
much higher fraction in most EC-5 countries is done with electricity. 

Total thermal uses 

Overall, thermal uses of electricity represent more than a third of 1985 EC-5 electricity 
consumption (390 TWh), or the equivalent of the output of 78 large baseload plants. 

Non-thermal end-uses 

Lighting 

Total consumption in all sectors was an estimated 124 TWh in 1985. The contribution to 
electricity use by each major lamp type is given in Section D below. It currently takes the 
output of 25 large power stations to light the EC-5 region. 

Motor Drives 

Electric motor drive systems are a major end use not only in the industrial sector but also in 
public and commercial buildings and the domestic sector. They occur in ventilation 
systems, many types of refrigeration equipment lifts, central heating pumps and many 
types of domestic appliances. In Table A. 10.3.8, residential motor drives accounts only 
for the consumption for circulating pumps in heating systems and for ventilators and 
hoods. All other drive consumption is counted under appliances. On this basis, motor 
drives in the EC-5 region consume about 370 TWh/year, equivalent to the output of 74 
large power stations. 
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Some motor drives, like those for air conditioning systems in public and commercial 
buildings, and for refrigerated cabinets in retail stores, are among the most rapidly-growing 
uses of electricity in the EC-5. In industry, the average annual operating hours of motors 
are estimated to be 2,000-3,000 hours (Marbek 1987, Angerer 1982), but major 
differences exist among single-shift and three shift industries. 

Appliances 

Appliances in domestic and public/commercial buildings consumed about 175 TWh in 
1985, equivalent to the output of 35 large power stations. 

2. INDUSTRY 

End-use statistics are available for the UK, Netherlands and Germany. The German data 
base was developed by the Kernforschungsanlage Jtilich (Jobsky and Pohlmann 1987) on 
the basis of detailed, sector by sector reviews. The main functional breakdown was by 
electric drives; lighting, including office machines such as computers; and process 
applications including electrolysis. It is shown in Table A. 10.3.6. 

The Dutch data base is disaggregated into seven sectors and shows a similar breakdown by 
function. The UK data is more aggregated by sector, but is divided into more end-use 
categories than the German data. It again suggests that motor drives consume the vast 
majority of industrial electricity. We assume for our calculations that the fractions in France 
and Italy are mid-way between the figures for the other three countries. 

Based on this procedure, the absolute electricity consumptions by function in the base year 
1985 are shown in Table A. 10.3.7. The table shows how the fractions vary by nation as a 
result of different industrial mixes. More than 65% of industrial electricity is used in motor 
drives, 6% for lighting and miscellaneous equipment and 25% for processes, including 
electrolysis. 

Note that the sectoral disaggregations of German energy statistics and OECD energy 
balances do not quite match. Some assumptions had to be made in transferring the German 
fractions into the OECD disaggregation. 

Note also that Table A. 10.3.7 shows UK and Dutch national estimates, rather than 
calculated data for these countries. It is useful to compare these national estimates to a 
breakdown calculated from the German proportions. While the lighting fraction is the 
same, the calculated fraction for motor drives would be higher than actual national estimates 
for the UK, and lower for the Netherlands. 
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Table A.10.3.6: FRG industrial electricity consumption by < 

Sector 

Primary materials 

Iron and steel 
Non-ferrous metals 
Chemical 
Non-metallic minerals 
Pulp and paper 
Other 

Investment goods 

Road vehicles 
Machinery 
Electrical industry 

Consumer goods 

Textiles 
Glas products 
Plastics products 

Food and beverages 

Total industry 

1985 
Electr. use 

TWh/yr 

1013 

19.1 
17.7 
42.9 
6.2 
9.3 
6.1 

29.5 

9.8 
6.1 
6.2 

16.7 

4.2 
2.5 
4.4 

8.1 

157 

Use for electric motors 
absolute share 
TWh/yr fractional 

63.5 0.63 

15.1 0.79 
2.3 0.13 
26.2 0.61 
5.8 0.94 
9.0 0.97 
4.7 0.77 

19.8 0.67 

6.9 0.70 
4.6 0.75 
4.7 0.75 

13.0 0.78 

3.4 0.80 
1.6 0.65 
2.9 0.65 

6.1 0.75 

103 0.(6 

jnd-use 

Use for process heat 
absolute 
TWh/yr 

35.4 

3.6 
15.2 
15.5 
0.2 
0.1 
1.0 

5.5 

1.5 
0.6 
0.6 

1.8 

0.2 
0.8 
1.0 

1.3 

43.9 

share 
fractional 

035 

0.19 
0.86 
0.36 
0.03 
0.01 
0.16 

0.19 

0.15 
0.10 
0.10 

0.11 

0.05 
0.31 
0.22 

0.16 

0.28 

Use for lighting 
absolute 
TWh/yr 

2.4 

0.4 
0.2 
1.2 
0.2 
0.1 
0.4 

43 

1.5 
0.9 
0.9 

1.8 

0.6 
0.1 
0.6 

0.7 

93 

share 
fractional 

0.02 

0.02 
0.01 
0.03 
0.03 
0.02 
0.07 

0.15 

0.15 
0.15 
0.15 

0.11 

0.15 
0.05 
0.13 

0.09 

0.06 

(1) Break-down by end-use based on Becker and Decker (1986) and Jobsky and Pohlmann (1987). 
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Table A.103.7: 1985 EC-5 electricity use 

End-use 

Space heating 

Water heating 

Lighting 

El. motor drives 

Process 

Appliances 

TOTAL 

GRAND TOTAL 

Sector 

Domestic 
Commcl. 
Industry 

Total 

Domestic 
Commcl. 
Industry 

Total 

Domestic 
Commcl. 
Industry 

Total 

Domestic 
Commcl. 
Industry 

Transport 
Total 

Domestic 
Commcl. 
Industry 

Total 

Domestic 
Commcl. 
Industry 

Total 

Domestic 
Commcl. 
Industry 

Transport 

Total 

France 

22.9 
10.7 
7.0 

40.7 

8.6 
4.5 
0.0 

13.1 

6.2 
15.8 
63 

28.4 

5.2 
14.7 
613 
7.4 

88.7 

7.0 
43 

23.4 
34.8 

36.0 
SS 
0.0 

44.5 

85.8 
58.8 
97.0 
7.4 

249 

by application (TWh). 

Germany 

23.7 
26.8 
10.5 

61.0 

11.9 
13.0 
0.0 

25.0 

7.2 
113 
9.2 

27.8 

6.7 
13.0 

109.2 
11.2 

140.1 

8.9 
3.8 

35.9 
48.6 

39.0 
8.4 
0.0 

47.4 

97.1 
76.6 

164.7 
11.2 

350 

Italy 

7.9 
7.4 
3.2 

18.4 

7.8 
2.5 
0.0 

10.3 

5.1 
9.2 
5.6 

19.9 

3.8 
5.2 

56.4 
5.3 

70.8 

0.7 
1.8 

25.5 
28.0 

19.5 
4.6 
0.0 

24.1 

44.5 
30.7 
92.9 
5.3 

173 

Nethlds. 

0.7 
2.2 
0.6 

3.5 

13 
0.9 
0.0 

2.3 

2.5 
6.0 
1.2 

9.7 

1.4 
43 

18.6 
1.0 

25.3 

0.5 
0.8 
6.8 

8.1 

9.6 
1.6 
0.0 

11.2 

16.0 
15.8 
283 

1.0 

61 

UK 

20.9 
11.3 
6.7 

38.9 

7.0 
4.6 
0.0 

11.7 

7.5 
23.9 
6.5 

37.9 

5.4 
12.6 
47.8 

2.9 
68.8 

14.0 
4.6 

26.1 
44.8 

33.6 
93 
0.0 

42.9 

88.3 
66.4 
85.0 
2.9 

243 

TOTAL 

76.0 
58.4 
28.0 

1623 

36.7 
25.6 
0.0 

623 

28.4 
66.4 
28.8 

123.6 

22.5 
49.8 

293.4 
27.9 

371.1 

31.1 
153 

117.7 
1643 

137.7 
32.4 
0.0 

170.2 

331.7 
248.4 
468.1 
27.9 

1076 

(1) Sectoral totals from OECD energy balances. 
(2) Consumption by end-use from national studies and IPSEP estimates. 
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Table A.10.3.8: Estimates of 1985/1990 commercial sector electricity use by function 

Method of estimation 

Thermal applications 
Space Heating 
Water Heating 

Process/cooking 
Subtotal thermal end-uses 

Lighting and electronics 
Lighting 

Office Automation 

El. motor drives 
Air-Cond./ventilation 

Refrigeration 
Pumps/compressors 

Appliances/other 
Misc. appliances 

Subtotal motor driven 
end-uses 

Total 

France 

0.18 
0.08 
0.07 

0.33 

0.27 
0.05 

0.15 
0.03 
0.12 

0.25 
0.20 

0.35 

1.00 

Germany 

0.35 
0.17 
0.05 

0.57 

0.15 

0.17 

0.11 

0.28 

1.00 

From national studies 

Netherlands 

0.25 

0.25 

0.38 

0.27 

0.27 

0.10 

0.37 

LOO 

UK 

0.17 
0.06 
0.07 

0.30 

0.36 

0.09 
0.09 

0.25 

0.34 

1.00 

Average 

0.24 
0.10 
0.06 

0.36 

0.29 

0.17 

0.18 

0.33 

Extrapolated 

Italy 

0.24 
0.08 
0.06 

0.38 

0.30 

0.17 

0.15 

0.32 

1.00 

(1) French data from Sezgen and Schipper (1994). 
(2) German, Dutch, and UK data from EWI1985, ETSU1988. and Centrum voor Energiebesparing (1984). 
(3) Italian end-use breakdown estimated based on national data for Germany, France, Holland, and UK. 
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3. PUBLIC/COMMERCIAL BUILDINGS 

For this sector, UK, Dutch and German survey data differ significantly (ETSU 1988, EWI 
1985, Centrum voor Energibesparing 1984). More recently, a study by Sezgen and 
Schipper (1994) develops end-use breakdowns for France and several OECD countries 
outside of the EC-5 region. Table A. 10.3.8 summarizes the various estimates. 

The UK data assigns electricity use in 1985 as follows; 17% space heating, 6% water 
heating, 36% lighting, 7% cooking, 9% space cooling/ventilation and 25% other uses. 
One must also note that electricity demand in UK public/commercial buildings has been 
growing at over 5%/year, led by air conditioning and electrical office equipment and other 
appliances. Hence, by the end of the 1980's, even higher proportions were probably used 
for air conditioning and appliances: 14% space heating, 5% water heating, 32% lighting, 
6% cooking, 11% space cooling/ventilation and 31% other uses (Owen et al 1991). 

The German data assigned electricity use as follows: 36% space heating, 17% water 
heating, 15% lighting, 5% cooking/other process heat, 17% motor drives, and 11% other. 
The Dutch data assign electricity use as follows: 25% space heating and miscellaneous, 
38% lighting, 27% pumps and compressors and 6% transport, lifts and communications. 

Comparison among countries 

It seems that the greatest discrepancies between these sources are due to differing and 
incompatible definitions of end uses. There are also sectoral discrepancies. For example, 
uses classified as motor drives in the German survey appear to include space 
cooling/ventilation and tasks classed as 'other uses' in the UK; e.g., lifts, refrigeration and 
many motor-based appliances. If one could allow for these different definitions and 
sectoral boundaries, the data may prove to be in better agreement 

Fractions assigned to thermal end-uses 

The UK and German cooking proportions are compatible. When one allows for the low 
use of electric heating and cooking in the Netherlands, the Dutch proportion for 'space 
heating and miscellaneous* is compatible with the UK proportions for space heating, water 
heating and cooking combined. 

Another discrepancy is the larger proportion of electricity estimated to be used for water 
heating in Germany than the UK or the Netherlands. A possible reason is that large 
numbers of buildings in the UK and the Netherlands have central gas space heating and 
these often have some kind of gas water heating, whereas a higher proportion of buildings 
with oil space heating may use electric water heating. 

Fractions assigned to motor drives 

The German, French, Dutch and UK proportions for motor drives including appliances are 
reasonably consistent. The UK motor drive proportion alone is very low, but UK 'other 
uses' clearly include many items of motor-based equipment, such as lifts, water pumps and 
refrigeration compressors in cold stores and supermarkets. 
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Fractions assigned to lighting 

The most serious discrepancy is the very low proportion of electricity reported to be used 
for lighting in Germany. It is less than the figure reported for any other industrial country 
where an estimate has been made. When seen in context with the disproportionately high 
fractions of German electricity use assigned to space and water heating, a question arises as 
to an interdependent misallocation among these end-uses. Lacking better data, we take the 
German fractions to reflect a genuine difference. 

Derivation of estimated end-use breakdowns in this study 

Where national estimates are available in our format; e.g., a UK figure for lighting, we use 
them. Otherwise, to apportion electricity use in the sector; e.g., a UK figure for motor 
drives, we have use our own judgment. National UK statistics exclude the small 
agricultural sector; we assume that the split of electricity uses within this sector is the same 
as deduced in an earlier study (Olivier et al 1983). 

We assume that Italy's commercial electricity is used as follows: 27% space heating, 12% 
water heating, 29% lighting, 5% cooking, 17% motor drives and 10% appliances. This is 
based on averages of the other sets of survey data and where necessary, our own judgment 
(see Table A. 10.3.8). 

4. DOMESTIC SECTOR 

The major appliances and electricity uses in the home are given in Tables A. 10.3.9-
A. 10.3.11 for the five countries. Table A. 10.3.9 shows ownership levels in each country. 
Table A. 10.3.10 shows the present average annual electricity consumption of major 
appliances in different countries, based on estimates by each country's utility(ies). The 
domestic totals derived from these end use data (Table A. 10.3.11) are in good agreement 
with the sectoral total shown in Table A. 10.3.7, which is based on actual sales as derived 
from utility billing data. 
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Table A.103.9: Residential sector electric appliance saturations in the EC-5 in 1985 

Households in millions 

Space heating 

Main system 

Auxiliary el. beat 

Motor drives 

Heat distribution 

Ventilators/hoods 

Hot Water 

Hot Water 

Process heat 

Stove/cooktop/oven 

Appliances 

Refrigerator 

Freezer 

Washer 
Dryer 

Dishwasher 
Television/peripherals 

B&W 
Color 

video rec, radio, music 

Computer/peripherals 

Misc. small appliances 

Coffee maker 

Misc. cooking 

Iron 

Vacuum 

hairdrier 

power/garden tools, etc. 

intercoms, elevators.etc. 

Lighting 

France 

20.4 

15% 
30% 

68% 
100% 

28% 

46% 

104% 

34% 
87% 
10% 
21% 

77% 
58% 

100% 

5% 
100% 

100% 

Germany 

265 

9% 
30% 

68% 
100% 

45% 

76% 

101% 

52% 
86% 
10% 
23% 

77% 
38% 

100% 

5% 
100% 

100% 

Italy 

19.1 

Saturation 

6% 
10% 

50% 
100% 

51% 

4% 

97% 
14% 
80% 
2% 
11% 

54% 
66% 

100% 

5% 
100% 

100% 

Netherlands 

55 

1% 
80% 

68% 
100% 

18% 

11% 

97% 
46% 
88% 
18% 
11% 

81% 
35% 

100% 

5% 
100% 

100% 

UK 

21.3 

15% 
80% 

68% 
100% 

33% 

74% 

96% 
32% 
80% 
35% 
8% 

97% 
82% 

100% 

5% 
100% 

100% 

EC-5 

92.8 

11% 
40% 

64% 
100% 

38% 

50% 

100% 

35% 
84% 
15% 
16% 

77% 
58% 

100% 

5% 
100% 

85% 

100% 

100% 

100% 

100% 

(1) All countries assigned FRO values for heat distribution saturations and UECs. 
(2) Total TV saturations for all countries but France are calculated as the sum of B&W and color saturations. 
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Table A.HU.IO: UECs for electrical appliances in the EC-5 

Households in millions 

Space heating 

Space heat, main 

Auxiliary el. beat 

Motor drives 

Heat distribution 

Ventilators/hoods 

Hot Water 

Hot Water 

Process heat 

Cooking 
Appliances 

Refrigerator 

Freezer 

Washer 

Dryer 

Dishwasher 
Television/peripherals 

B&W 

Color 

video rec, radio, music 

Computers/peripherals 

Misc. small appliances 

Coffee maker 

Misc. cooking 

Iron 

Vacuum 

hair dryer 

power/garden tools, etc. 

intercoms, elevators.etc. 

correction/, consistency 

Lighting 

France 

20.4 

7150 

100 

300 

50 

1500 

750 

540 

720 

300 

574 

440 

80 

250 

60 

177 

270 

30 

10 

30 

30 

20 

30 

20 

100 

306 

Germany 

26.5 

residential sector in 1985 

Italy Netherlands 

19.1 5.5 

UECandEUI(kWh/yr) 

9500 

100 

300 

50 

1000 

440 

450 

560 

280 

600 

550 

80 

250 

60 

177 

70 

30 

10 

30 

30 

20 

30 

20 

-100 

270 

6700 

100 

300 

50 

800 

900 

220 

470 

410 

500 

500 

80 

250 

60 

177 

70 

30 

10 

30 

30 

20 

30 

20 

-100 

265 

8300 

100 

300 

50 

1330 

850 

400 

550 

320 

600 

475 

80 

250 

60 

177 

450 

30 

10 

30 

30 

20 

30 

20 

280 

450 

UK 

21.3 

6000 

100 

300 

50 

1000 

890 

300 

780 

200 

600 

500 

80 

250 

60 

177 

280 

30 

10 

30 

30 

20 

30 

20 

no 
350 

EC-5 

92.8 

7302 

100 

300 

50 

1035 

667 

388 

631 

295 

593 

502 

80 

250 

60 

177 

170 

30 

10 

30 

30 

20 

30 

20 

306 

(1) France and Netherlands average space heal EUI calculated assuming SFH and MFH are split 1:1. 
Italian EUI is set equal to that of France. 
(2) All countries assigned FRG values for heat distribution saturations and UECs. 
(3) All countries assigned FRG value for auxiliary electric heat EUIs. 
(4) French lighting and dryer UECs are set equal to the weighted average for the other 4 countries. 
(5) French hot water and cooking UECs are calculated assuming SFH and MFH are split 1:1. 
(6) Italian TV UEC calculated from B&W and color EUI using B&W and color UECs and saturations. 
(7) UECs are for the average existing stock appliances in 1985. 
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Table A.103.11: Electricity consumption in the EC-5 residential sector in 1985 

Households in millions 

Space heating 

Main system 

Auxiliary el. heat 

Motor drives 

Heat distribution 

Ventilators/hoods 

Hot Water 
Hot Water 

Process heat 
Stove/cooktop/oven 

Appliances 

Refrigerator 

Freezer 

Washer 

Dryer 

Dishwasher 
Television/peripherals 

B&W 

Color 

video rec, radio, music 

Computers/peripherals 

Misc. small appliances 

Coffee maker 

Misc. cooking 

Iron 

Vacuum 

hairdrier 

power/garden tools, etc 

intercoms, elevators.etc. 
correction/, consistency 

Lighting 

Total 

France 

20.4 

22.93 

22.32 

0.61 

5.18 

4.16 

1.02 

8.57 

7.04 

35.98 

11.50 

4.96 

5.29 

1.17 

1.92 
5.44 

1.26 

2.96 

1.22 

0.18 

5.51 

0.61 

0.20 

0.61 

0.61 

0.41 

0.61 

0.41 
2.04 

6.24 

85.8 

Germany 

26.5 

Italy 

19.1 

Netherlands Great Britain 

5.5 

Electricity use (TWh/yr) 

23.70 

22.91 

0.80 

6.73 

5.41 

1.33 

11.93 

8.86 

38.96 

12.04 

7.72 

6.38 

1.64 

3.35 
5.74 

1.63 

2.52 

1.59 

0.23 

1.86 

0.80 

0.27 

0.80 

0.80 

0.53 

0.80 

0.53 

-2.65 
7.16 

97.1 

7.87 

7.68 

0.19 

3.82 

2.87 

0.96 

7.82 

0.70 

19 J1 

4.09 

1.27 

6.27 

0.19 

1.05 
5.12 

0.83 

3.15 

1.15 

0.17 

1.34 

0.57 

0.19 

0.57 

0.57 

0.38 

0.57 

0.38 

-1.91 

5.06 

44.6 

0.67 

0.23 

0.44 

1.40 

1.12 

0.28 

1.32 

0.51 

9.64 

2.13 

1.39 

1.55 

0.59 

0.29 
1.17 

0.35 

0.48 

0.33 

0.05 

2.48 

0.17 

0.06 

0.17 

0.17 

0.11 

0.17 

0.11 
1.54 

2.48 

16.0 

21.3 

20.87 

19.17 

1.70 

5.41 

4.35 

1.07 

7.03 

14.03 

33.63 

6.13 

5.32 

3.41 

4.47 

0.85 
7.30 

1.65 

4.37 

1.28 

0.19 

5.96 

0.64 

0.21 

0.64 

0.64 

0.43 
0.64 

0.43 
2.34 

7.46 

884 

EC-5 

92.8 

72 

4 

18 

5 

37 

31 

36 

21 

23 

8 

7 
25 

6 

13 

5.6 

0.8 

17.1 

2.8 

0.9 

2.8 

2.8 

1.9 

2.8 

1.9 

28 

331.7 

(1) Total electricity use calculated as the product of saturations, households, and EUIs at the end-use level, 
(see Tables A. 10.3.9 and A 10.3.10 for saturations and EUIs). 
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D. END-USE TECHNOLOGIES: ENERGY-EFFICIENT 
LIGHTING 

1. OVERVIEW 

To estimate potential electricity savings in lighting applications, we start from the 
contribution to electricity use of each major lamp type, preferably for each sector. These 
contributions are given for Germany in Jobsky and Pohlmann (1987). Corresponding 
fractions of lumen output and electricity consumption by lamp type for the UK are given in 
a report by the Energy Technology Support Unit (Eyre 1990). 

Lumen output and baseline efficacy by lamp type 

The split of lumen output for Germany is close to estimates developed for the USA at 
Lawrence Berkeley Laboratory (Verderber 1988). The UK figures indicate a higher share 
of incandescents (16 percent of lumen output compared to 10 percent) and of HID lamps 
(18 percent compared to 11 percent), and a correspondingly lower share of fluorescents (66 
percent compared to 79 percent). 

For the conversion of electrical energy into monochromatic light of 555 nm (the point of 
greatest light sensitivity of the human eye), the theoretical maximum efficacy is 673 
lumen/W. Only low-pressure sodium lamps, which typically put out 220 lumen/W, realize 
a significant portion of the theoretical potential. 

For the production of white light, the theoretical maximum is 250 lumen/W. The average 
efficacy for incandescents is around 12-15 lumen/W. Average efficacies of the longer, 
more efficient fluorescents are 50-85 lumens/W. Clearly, a large potential for efficiency 
gains remains. 

Electricity use by lamp type 

Table A. 10.3.12 shows a summary of our estimate of electricity use by lamp type in the 
EC-5. The data show that incandescents and fluorescents contribute roughly comparable 
shares of electricity use, and account together for close to 90 percent of total lighting 
electricity. 
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Table A.10.3.12: Summary of EC-5 Lighting electricity 

Electricity use TWh 

Incandescents 

Fluorescents 

USD/other 

Total 

Share (%) 

Incandescents 

Fluorescents 

HID 

Total 

Domestic Commercial 

28 25 

2 41 

1 7 

31 73 

91% 34% 

6% 56% 

3% 10% 

100% 100% 

use by lamp type and sector 

Industry All Sectors 

2 56 

19 61 

8 16 

29 133 

8% 42% 

65% 46% 

27% 12% 

100% 100% 

(1) Data refer to about 1985. 
(2) Fractions developed from Jobsky and Pohlmann (1987) and Eyre (1990). 
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2. LIGHTING EFFICIENCY IN THE DOMESTIC SECTOR 

Current lighting technologies and usage 

European households currently use incandescents, fluorescent lamps, and halogen lamps. 
Because lighting efficiency programs have only recently begun in the EC-5 region, few 
statistics exist on the relative usage of each type of lamp in terms of their operating hours 
and their contribution to total lumen output. Our analysis below is based on various 
manufacturer, utility, and consumer surveys, and on a detailed model for Dutch households 
using 1987 data (Wajer and Kemna 1991). 

Conventional incandescent lamps 

The average number of lightbulbs of all kinds is about 25 per household, more in single 
family homes, and less in multifamily homes. 89 percent of the installed wattage are 
incandescents, with one fifth of this total being spot lamps. 

Six high-usage sockets (800-1200 hours) in the living room and kitchen account for about 
50 percent of total lighting electricity consumption. Seven medium usage fixtures (400-600 
hours) in the living room, bathroom, master bedroom, and entry hall contribute about 
another 25 percent, and the remaining 25 percent are due to a large number of other 
fixtures. 

The average efficacy of the incandescent bulbs is about 12 lumen/W, with a range of 10-15 
lumen/W. An estimated 88 percent of lumen output and 95 percent of residential lighting 
electricity use stems from this type of lamp. These figures are close to the data shown in 
Table A. 10.3.12 above, which are based on cross-sectoral German and UK studies. 

Conventional fluorescent lamps 

The Dutch survey found that fluorescent (TL) lamps are predominant in kitchens as 
worktop lights, and in the attic and garage. They are typically not found in high-usage 
fixtures. Overall, they represent 10 percent of installed wattage and 13 percent of the total 
number of lamps. 

On account of their greater efficacy (roughly 35 lumen/W on average, due to smaller length 
tubes and circlite screw-in fluorescents), they contribute 11 percent of lumen hours while 
only accounting for an estimated six percent of electricity use. 

Compact fluorescent lamps 

In the 1985 base year, the market penetration of compact fluorescents (CFLs) was still 
negligible at one percent of total residential lamp sales. As a percentage of installed lamps 
in buildings, their share was essentially zero. In the base year, they were most frequentiy 
found as porchlights, for garages, entry halls, as well as in living room and bedroom 
applications. Efficacies of current models range from 45-65 lumen/W, older lamp types 
show efficacies as low as 30 lumen/W. 
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Halogen lamps 

Halogen lamps are found in the living room, bathroom and master bedroom, but constitute 
no more than 1 percent of lamps in these spaces. We estimate that they contributed one 
percent each of lumen output and residential lighting electricity use in the base year. 

Efficiency options 

A series of new lighting technologies, put together, offers the potential of reducing lighting 
electricity consumption by more than 80% on average across the various sectors. In the 
domestic sector, these are mainly: 

(1) Replacement of small incandescent bulbs by more efficient lamps of 
similar size, like compact fluorescent lamps (CFL's) with electronic 
ballasts, and infrared-reflecting halogen and incandescent lamps; and 

(2) Light shades and downlighter fittings which absorb less light and 
direct more of it to where it is needed. 

These measures are also applicable to the smaller incandescent lamps, below about 200 W, 
in use in public, commercial and industrial buildings. 

Compact Fluorescent Lamps 

A wide range of CFL's with electronic ballasts are available on the European market. They 
are considerably more energy-efficient than earlier versions with electromagnetic ballasts, 
and die quality of light is better. However, they have been promoted more for the 
commercial sector, with its greater awareness of lighting costs, than the domestic sector. 
Unless utilities have begun promoting them through demand-side management programs, 
they are still seldom sold by the retailers who supply most of the replacement lamps for the 
domestic sector. 

Broadly speaking, CFL's can be divided into two types. In the unitary or integral type, the 
ballast is discarded when the tube wears out. In the modular type, only the tube is replaced; 
the ballast is re-used. 

Modular CFL's can be further divided into two- and four-pin lamps. The latter contain no 
starter and are used with the same control gear as conventional fluorescent tubes. If the 
appropriate ballast is chosen, they can therefore be dimmed. Dimmable CFLs with 
electronic ballasts are just beginning to be available in the market 

CFLs in the power range from 5-26 W have efficacies in the range of less than 30 lumen/W 
to about 60 lumen/W. For more powerful lamps in the 27-40 W range, efficacies are about 
60-75 lumen/W. The lower figures correspond to cheaper versions, the higher end to 
better units with electronic ballasts. The most energy-efficient CFL's have a single 
doubled-up tube, and are longer than incandescents. This type is 5-10% more energy-
efficient man the shorter models, with two or three parallel doubled-up tubes. 
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Savings from currently commercial technology 

The exact energy savings from replacing incandescents with CFLs depend on several 
factors. Nominal savings based on manufacturer ratings or on comparisons under test 
conditions are 75 percent for cheaper versions and 80-85 percent for units with electronic 
ballasts. 

Savings in the field depend on whether the lamp is operated in an upright, horizontal or 
inverted position, on the ambient temperature, and on the use and design of the lamp. 
Lumen output is reduced in the inverted position (by 15-25 percent), when operated above 
room temperature and in outdoor applications during cold temperatures (by 20-50 percent at 
the freezing point), thus diminishing savings relative to the test condition. CFL light output 
sometimes diminishes more with age (up to 30 percent in cheaper models, but only 10 
percent in good ones) than incandescent output (typically 20 percent). 

Because CFLs represent a linear diffuse light source, they do not provide the same sparkle 
and are perceived as less bright in many applications. Also, lighting manufacturers have 
been overrating the light output of their products, in some cases by as much as 8-16 percent 
(Audin et al. 1994). 

Because of the elongated shape, CFL's emit their light mostly sideways, whereas 
incandescent lamps emit theirs mostly downwards and upwards. Most existing light shades 
have been found to absorb more light from CFL's than incandescent bulbs (Wood-
Robinson 1991). Fixtures that work well with incandescents may be less efficient when 
fitted with CFLs unless new fixtures are fitted that have been specifically designed for 
them. It may be inherendy more difficult to deliver light to the task plane from a recessed 
downlight CFL fixture because the fixture is less efficient than the integral lens of an 
incandescent flood lamp. Screw-in CFL lamps with integral reflectors are generally of 
poor design. While efficacy may be better by a factor of four to six, the unit power density 
per m2 illuminated task surface or floor space may be reduced by only about 60-70 percent 
(Audin et al. 1994). However, dedicated compact fluorescent fixtures of good design can 
overcome many or most of these problems (Mills et al. 1995). 

Because of these factors, a 3:1 replacement ratio for incandescent versus CFL wattages is a 
sound rule for currently commercial technology unless specific strategies are pursued to 
mitigate these effects. A 4:1 ratio is appropriate for the more advanced lamps that are likely 
to become standard over the longer-term. In our calculations, we combine die efficiency 
factors from incandescent and CFL efficacy data with an adjustment factor that takes 
account of these effects. 

Savings from advanced technology 

With improvements such as convective venting of ceiling fixtures to minimize lamp wall 
temperature, compact, insulated or recessed outdoor fixtures, and the use of mercury 
amalgams that virtually eliminate the drop in output under a wide temperature regime, 
efficacy can be shifted to higher values. Optimal application of CFLs and other lamp types 
can avoid inefficient use. In addition, emerging technical improvements for standard 
fluorescent tubes can be expected to be applied to CFL's. Efficacies of 80 lumens/Watt can 
be expected. 

The use of improved shades or downlight fittings which block less of the light output, and 
illuminate their target more efficiently, can also be encouraged. A more than 90 percent 
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reduction in electricity use could be achieved in lights where high efficiency CFLs are 
combined with well-designed fixtures. 

Useful life 

The rated lifetimes of the 220-240 V AC lamps in Europe have steadily risen to 8,000 
hours, on a cycle of three-hour starts. In the USA, on 110-120 V AC, lifetimes of 10,000 
hours are now claimed for this cycle. For eight hour cycles, life doubles to 20,000 hours, 
but it drops significantly if switching occurs more frequently, especially if the ballast is of 
low quality. At one hour cycling, the lifetime is reduced to 70 percent, or about 5600 to 
7000 hours. 

The ballasts for modular systems have a rated life of 25,000-50,000 operating hours. Many 
are warranted for two years. 

Utility 

Some of the shortcomings of current CFLs have already been mentioned in the discussion 
of efficiency factors. Lamp operation is limited to -5 to -10°C and lumen output diminishes 
in cold weather. Also, the elongated shape of many CFLs leads to more sideways light 
output and may lead to less effective delivery of lumens from the shade or reflector onto 
surfaces intended for illumination. CFLs do not give the same brilliant sparkle, and are 
limited in producing intense directional light beams. A number of models present fitting 
problems in existing fixtures. Most current screw-in technology is not dimmable. Low 
quality models have a low power factor (0.4-0.6) and high total harmonic distortion (THD) 
of up to 100 percent 

A survey of users and non-users of CFLs in the U.S. showed that consumers find CFLs 
too expensive, less attractive, less practical, and not powerful enough for reading (EPRI 
1992a). 

New versions of the technology and proper selection of products can overcome most of 
these problems. Several options have already been discussed above. Some dimmable 
CFL's are becoming available. In new installations, one could also use four-pin lamps 
with hard-wired electronic ballasts to achieve dimming. 

As to power quality, lamps now exist on the market that are specifically designed for high 
power factor (0.9) and low harmonic distortion (25 percent), using active power correction 
in the integrated circuitry. These types of lamps have been brought about by the lighting 
efficiency programs of utilities that demanded these minimum performance criteria. 

Shade and fixture fitting problems are partly a transitional issue. The short-term product 
development strategy has been to make CFL's as short as an incandescent bulb, and fit 
them into existing shades. In the long run, the introduction of new fixtures and shades that 
are specifically designed for the more efficient CFL configurations will optimize utility. 

Nevertheless, CFLs remain a technology that is more difficult to correctly specify and 
apply with intended effects than conventional incandescent lamps. Because of these 
limitations, we assume that CFLs are applicable in no more than two thirds of incandescent 
fixture applications. 
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Other efficiency measures 

Other lamps 

Tungsten-halogen flood and spot lamps with infrared-reflecting coatings and regular or low 
voltage tungsten-halogen lamps with improved reflectors offer efficacies in the 
neighborhood of 20-30 lumens/Watt, with lifetimes of 2000-6000 hours. A particularly 
efficient line voltage version that is commercial in the U.S. is the 110 V PAR 38 floodlamp 
of General Electric, which offers a 60 percent saving when substituting 150 W 
conventional PAR lamps. This technology could be used to produce a new standard bulb 
with an efficacy in excess of 50 lumens/W, as already demonstrated in the laboratory 
(Lovins, Sardinsky, et al. 1988). 

For intermediate operating hours and typical bulb sizes, these non-CFL alternatives become 
cost-competitive with compact fluorescents if they cost less than 10 DM per bulb. They are 
economically more attractive than CFLs in low-usage sockets. 

In certain high wattage applications, new small metal halide lamps may offer an attractive 
high-efficacy alternative to incandescents. 

Improved domestic light shades, fixtures, and reflectors 

Generally, domestic downlight fittings are built to the lowest possible first cost and have a 
correspondingly poor efficiency, some of them apparently absorbing over 80% of the 
output light. For example, one of the most popular shades in use in Denmark has been 
found to block 80% of the output light (Norgard 1989). This is not for sound engineering 
reasons, or because the aesthetic features of the shade could not be realized otherwise, but 
because it was designed without thought being given to energy use. 

However, some shades direct over 90% of the light to where it is wanted, and better quality 
downlight fittings, as in the commercial sector, can be used. Overall, great improvements 
are possible. In many cases, these can be had at little or no cost when shades and fixtures 
need to be replaced anyway. 

Irrespective of many opportunities to obtain satisfactory lighting and aesthetics through 
lamp replacement alone, redesign of light shades is needed if CFL's are to be widely used 
at a five-to-one replacement ratio; i.e., 12 W for a 60 W bulb, etc. The cost of fitting a 
fixture that is optimized for CFLs can be substantial in retrofits, i.e., as much as 10 DM per 
installed CFL Watt, or about 130-180 DM when substituting incandescent shades and 
fixtures. Unitary 15 W CFL's with built-in reflectors have a lower extra cost of about DM 
60. However, in the long run, it is cheaper to replace downlight fittings, even at over DM 
50 each, than to use reflectors that are as disposable as the lamp. 

Residential controls 

Because outdoor lighting serves security functions, it represents a significant portion of 
lighting use in the residential sector. Here, motion detector controls offer significant 
savings. So could photocells that automatically switch lights on and off as a function of 
darkness, unless residents are used to switching off porch lights late in the evening. 
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Table A.103.13 

Incandescent A 
CFLs 
Fluorescents 
Halogen/HIR 

Incandescent A 
CFLs 
Fluorescents 
Halogen/HIR 

Incandescent A 
CFLs 
Fluorescents 
Halogen/HIR/MH 

Summary of energy efficiency factors for residential lighting 

lamp 
efficacy 
lumen/W 

13 
35 
45 
18 

lamp 
efficacy 
lumen/W 

14 
60 
60 
35 

lamp 
efficacy 
lumen/W 

14 
80 

no 
50 

Base year stock (1985) 

fixture lamp& controls/ 
light output fixture dimming/utiliz. 

ratio lumen/W EIF 

0.30 4 1.00 
0.24 8 1.00 
0.40 18 1.00 
0.50 9 1.00 

Current technology 

fixture lamp& controls/ 
light output fixture dimming/utiliz. 

ratio lumen/W EIF 

0.40 6 0.90 
0.28 17 1.00 
0.47 28 0.90 
0.56 19 0.90 

Advanced technology 

fixture lamp& controls/ 
light output fixture dimming/utiliz. 

ratio lumen/W EIF 

0.43 6 0.90 
0.34 27 0.90 
0.47 52 0.90 
0.56 28 0.90 

Combined 
W/lumen 

EIF 

1.00 
1.00 
1.00 
1.00 

Combined 
W/lumen 

EIF 

0.63 
0.50 
0.57 
0.42 

Combined 
W/lumen 

ETF 

0.59 
0.28 
0.31 
0.29 

1) In spot and flood light applications, halogen-tungsten incandescents are replaced 
by infrared-reflecting high efficiency designs. 

2) Light output ratio for incandescent fixtures is higher than for CFLs because 
incandescent lamps are more efficient in getting light out of fixtures than CFLs. 

3) With current technology, some incandescent fixtures benefit from occupancy controls. 
4) With advanced technology, some incandescent and CFL fixtures benefit from occupancy controls. 
5) With advanced technology, some halogen spot or flood lights are replaced by small metal halide lamps 
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Overall savings potential in residential lighting 

Table A. 10.3.13 above summarizes the efficiency factors that can be achieved for each 
major lamp category. The table shows both improvements in the efficacy of the 
lamp/ballast system, improvement in the light output ratio from better fixtures, and 
improvements from controls, dimming, and better utilization of light output 

A distinction is made between currently commercial technology and advanced technology 
that is likely to become available within the next 5-10 years. Note the lower light output 
ratio for CFL fixtures, which applies particularly to downlights. We estimate that the 
above-mentioned problems with CFL applications in obtaining equivalent lighting quality 
will result in a littie more than 3:1 replacement ratio when using current CFL technology. 
Also, current technology CFLs are assumed to be non-dimming. 

At the same time, shade improvements can be made in incandescent fixtures. We assume 
an energy intensity factor (EIF) of 0.75 in the technical potential case based on current 
technology, and 0.7 in the advanced case, with lesser improvements for other lamps. 
Increases in residential illumination levels that accompany the use of more modern lighting 
equipment are ignored in calculating the EIF of these measures. They are accounted for by 
the growth factor for lighting energy services. 

Future composition of residential lamp stocks 

In the 1985 base year, the use of CFL's in EC-5 dwellings was negligible. Since then, 
some European electricity distribution companies have begun to support their installation, 
especially Dutch and German utilities. German utility sources estimate that every third 
household in the old federal republic used at least one CFL by 1992 (ARGE 1993). 

In narrow cost-effectiveness terms, currently commercial CFLs are the least-cost option for 
consumers for non-dimmable incandescent applications, which currently representing more 
than 90 percent of lighting electricity use. However, the popularity of dimmable fixtures is 
rising, and dimmable CFLs are only now entering the market. CFL technology also has to 
compete in various applications with improved incandescents, halogen PR, and metal hakde 
lamps, both on the basis of price, aesthetics, and various other lighting utility aspects. On 
this account, CFLs will not become the lamp technology of choice in all residential 
applications. 

Table A. 10.3.14 shows our scenario for the combined technical potential of lamp efficacy 
when these issues are taken into account. In the business-as-usual scenario, incandescents 
remain dominant, while compact fluorescents and efficient halogen lamps make limited 
inroads. Average efficacy across all lamps increases by about 15 percent. 

In our technical potential case based on current technology, CFLs provide fifty percent of 
the lumen output. They substitute incandescents in most high-usage sockets and in a 
significant share of other fixtures. For intermediate hours, infrared reflecting 
incandescents, small power HID lamps, and halogen-IR bulbs find niche markets, while 
incandescents remain dominant in low usage fixtures. 

With near-commercial advanced technology, the share of CFLs in lumen output rises to 67 
percent on account of lower size, dimming capability at low cost, and higher average 
efficacy. 
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Table A.10.3.14: Scenario of future residential lighting technology mix 

Lamp type 

Incandescents 

800-1200 hours 

400-800 hours 

<400 hours 

Fluorescents (FL/CFL) 

800-1200 hours 

400-800 hours 

<400 hours 

Halogen/HIIUMH 

Total/average 

1985 base year 

Efficacy Share of 
lumen/W lumen-hrs 

13 0.88 

0.44 

0.22 

0.22 

35 0.11 

0.03 

0.06 

0.02 

18 0.01 

IS 1.00 

Share of 
el. use 

0.95 

0.04 

0.01 

1.00 

2020 reference case 

Comb. 
EIF 

0.90 

0.88 

0.90 

0.90 

Share of Share of 
lumen-hrs eL use 

0.77 0.89 

0.31 

0.27 

0.19 

0.20 0.08 

0.10 

0.06 

0.04 

0.03 0.03 

1.00 1.00 

, and weighted average efficacies 

2020 technical potential 
current technology 

Comb. 
EIF 

0.63 

0.53 

0.42 

0.53 

Share of Share of 
lumen-hrs eL use 

0.25 0.47 

0.10 

0.09 

0.06 

0.50 0.30 

0.25 

0.15 

0.10 

025 023 

1.00 1.00 

advanced technology 

Comb. 
EIF 

0.59 

0.28 

029 

030 

Share of Share of 
lumen-hrs el. use 

0.05 0.18 

0.02 

0.02 

0.01 

0.67 0.44 

0.34 

0.20 

0.13 

0.28 0.37 

1.00 1.00 

(1) With current technology, CFLs replace 50 percent of incandescent lamps, and halogen IR lamps another 25 percent 

(2) With advanced technology, CFLs replace two thirds of incandescent light output and halogen IR lamps and some metal halide lamps most of the rest 

(3) EIFs include savings from improved shades and controls, see Table A. 10.3.13. 
(4) Base year average efficacy and average EIFs are calculated using lumen hours as weighting factor. 



In the business-as-usual case, the weighted average energy intensity factor across all 
residential lighting applications is 0.90. With current technology, the EIF is 0.53, and with 
advanced technology, 0.30. 

Economics 

First costs 

Current European lamp prices are higher than U.S. prices, and significantly higher than the 
wholesale prices at which these lamps could be delivered to customers through utility 
demand-side management programs or other large procurement programs. In addition, 
lower wholesale and retail prices are expected to prevail once CFLs achieve a major market 
share. 

The current pricing of CFLs by the major manufacturers is partly shaped by the fact that 
most of their residential sales revenue comes from incandescent sales, and that the new, 
more efficient technology with its much longer life would cut into these sales if CFL prices 
were to drop below the threshold at which consumers would buy these lamps on impulse 
while shopping in the supermarket. For these reasons, assessments of the economics of 
CFLs based on current prices could be misleading. 

Unitary CFL's from major European manufacturers range in price from DM 30 to 45. In 
the USA, many utilities sponsor direct installation or grant programs. Here, the retail 
prices have fallen as low as DM 15 in some shops for both unitary and two-component 
lamps. One California utility purchased 500,000 core-coil ballasted lamps in bulk for about 
DM 12 per unit, and gave them away to 100,000 low-income households (Krause et al. 
1989). 

Electronic ballasts for modular CFL's cost DM 30-45 from Swiss manufacturers, with the 
replacement tubes costing about DM 10. Recently, modular lamps from Far Eastern 
sources have entered the EC market. These electronic ballasts cost as little as DM 20, in 
quantities of about 10, and potentially much less in orders of 10,000 or more, as in utility 
programs. 

Tungsten-halogen lamps with infrared-reflecting technology are priced to compete against 
CFLs. Current prices are around DM 10. 

Cost of conserved energy 

A correct calculation of the cost of conserved energy must include the net present value of 
the stream of displaced incandescent bulbs as a credit. In the commercial and industrial 
sectors, the avoided labor costs for bulb replacement must also be credited. 

For the time horizon and policy context of this study, improved CFLs are important Also, 
technology price assumptions need to take into account the effects of market transformation 
programs and/or wholesale purchasing through utility or government DSM programs. For 
the residential sector, no labor cost credit is assumed. 

Table A.10.3.15 shows a typical substitution based on improved CFLs, in which a 27W 
CFL replaces a 100W incandescent. Costs of conserved energy in residences are 3.4-9 
Pf/kWh for modular lamps operating 500-1000 hours, and 9-11 Pf/kWh for unitary 
downlight reflectors. At 200 hours, costs are 23-30 Pf/kWh. 
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Table A.10.3.15: Cost of conserved energy for replacing incandescents with CFLs 

OperatinR hours jjer_year 

Incandescent lifetime (years) 
Fluorescent lamp lifetime (years) 
Fluorescent ballast lifetime (years) 
Fluorescent fixture lifetime (years) 

CRF(5%, incandescent lifetime) 
CRF(5%, fluorescent lamp lifetime) 
CRF(5%, fluorescent ballast lifetime) 
CRF(S%, fluorescent fixture lifetime) 

Annualized incandescent cost DM/yr 
lamps 
labor 
total 

Annualized CFL cost DM/yr 
modular lamps 

ballast f. modular lamps 
harp extender 

unitary CFL reflector lamp 
fixture replacement f. modular lamps 

labor f. modular lamp replacement 

total res. modular w/o harp extender 
total res. modular w/harp extender 

total res. unitary w/CFL reflector 

total comml. unitary w/CFL reflector 
total comml. mod. w/fixture replacement 

Net annualized investment cost 
res. modular w/o harp extender 

res. modular w/harp extender 
res. unitary w/CFL reflector 

total comml. w/CFL reflector 
total comml. w/fixture replacement 

Energy savings kWh/yr 

CCE of CFL 
total res. modular w/o harp extender 

total res. modular w/harp extender 
total res. unitary w/CFL reflector 

total comml. w/CFL reflector 
total comml. w/fixture replacement 

Residential sector 
200 

5 
15 
15 
20 

0.23 
0.10 
0.10 
0.08 

0.5 
0.0 
0.5 

1.0 
2.9 
0.3 
4.8 
0.0 
0.0 

3.9 
4.2 
4.8 

N/A 
N/A 

3.4 
3.7 
4.4 

N/A 
N/A 

14.6 

23.2 
25.4 
29.8 

N/A 
N/A 

500 

2 
14 
15 
20 

0.54 
0.10 
0.10 
0.08 

1.1 
0.0 
1.1 

1.0 
2.9 
0.3 
5.1 
0.0 
0.0 

3.9 
4.2 
5.1 

N/A 
N/A 

2.8 
3.1 
4.0 

N/A 
N/A 

36.5 

7.7 
8.6 
10.9 

N/A 
N/A 

1000 

1 
7 
15 
20 

1.05 
0.17 
0.10 
0.08 

2.1 
0.0 
2.1 

1.7 
2.9 
0.3 
8.6 
0.0 
0.0 

4.6 
4.9 
8.6 

N/A 
N/A 

2.5 
2.8 
6.5 

N/A 
N/A 

73 

3.4 
3.9 
9.0 

N/A 
N/A 

Commercial sector 
2000 

0.5 
5 
20 
20 

2.07 
0.23 
0.08 
0.08 

3.1 
10.4 
13.5 

2.3 
2.4 
N/A 
4.0 
8.0 
0.9 

N/A 
N/A 
N/A 

4.0 
13.7 

N/A 
N/A 
N/A 

-9.5 
0.2 

146 

N/A 
N/A 
N/A 

-6S 
0.1 

4000 

0.25 
2.5 
20 
20 

4.12 
0.44 
0.08 
0.08 

6.2 
20.6 
26.8 

4.4 
2.4 
N/A 
4.0 
8.0 
1.7 

N/A 
N/A 
N/A 

4.0 
16.5 

N/A 
N/A 
N/A 

•22.8 
•10.3 

292 

N/A 
N/A 
N/A 

-7.8 
-3.5 

1) Residential CFL has 7000h life, commercial sector CFL has lOOOOh life. 
2) Cost of modular CFL ballast is 30 DM, modular lamp is 10 DM, lamp replacement labor is 5 DM. 
3) Cost of unitary CFL reflector is 50 DM. Cost of hard-wired CFL fixture is 100 DM installed 
4) CRF=capital recovery factor, 5 percent real discount rate. 
5) 1 DM (1989) = 0.5 ECU (1989) = 0.5 U.S. $ (1989), purchasing power parity. 
6) Incremental cost of CFL over standard fixture assumes fixture replacement at end of useful life. 
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Table A.10.3.16: Cost of conserved energy for HIR incandescent lamps 

Operating hours 

Lamp life 

CRF 

Annualized cost 

Energy saved 

CCE 

years 

DM/yr 

kwh/yr 

Pf/kWh 

500 1000 2000 

4 2 1 

0.28 0.54 1.05 

1.95 3.71 7.24 

45 90 180 

43 4.1 4.0 

1) Incremental cost of HIR lamp (net of displaced incandescents) is assumed to be 6.9 DM. 

2) CRF=capital recovery factor, 5 percent real discount rate. 

3) 1 DM (1989) = 0.5 ECU (1989) = 0.5 U.S. $ (1989), purchasing power parity. 
4) Energy savings assume a 60W HIR flood light displacing 150 W PAR lamp. 
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Given that sockets used for more than 250 hours/year are estimated to consume 93% of 
lighting electricity (Eyre 1990), modular CFL technology could be economically justified in 
almost all residential applications, not just in the three or four most heavily-used sockets. 
The limits to the applicability of the technology as an incandescent substitute thus is mainly 
given by the specific lighting requirements of the fixture, and not by economics. 

Costs of conserved energy of other lamp substitutions 

We consider halogen flood lights and upgrades of existing fluorescent tube lights (e.g., in 
the kitchen). General Electric's 60W halogen flood lights using HTR technology cost about 
4 dollars (8 DM) more than conventional PAR lamps using 150 Watt. The cost of 
conserved energy for 500-2000 hours is about 4 Pf/kWh (Table A. 10.3.16 above). We 
use this same figure for improvements in incandescent fixtures in general. 

For improved fluorescent tube lights, we apply a CCE of 3 Pf/kWh, based on the 
comprehensive analysis for commercial sector installations in Section D.3 below. 

Weighted average costs of conserved energy including improved fixtures and controls 

As a last step, we calculate the weighted average CCE for changing the mix of lamps from 
that of the 1985 base year to that shown for 2020 (Table A. 10.14 above). For current lamp 
technology in residential applications we obtain a CCE of 5.2 Pf/kWh (no installation labor 
credits, low case). In our high case, this figure is increased by 50 percent as discussed in 
Section B above. For advanced technology, we estimate the CCEs to have the same 
low/high range. 

The figures for both current and advanced technology take into account the fixture and 
shade improvements shown in Table A. 10.3.13 above. The costs of combined lamp, 
shade, and control improvements are assumed to be the same as those for lamp 
improvements alone. 

3. LIGHTING EFFICIENCY IN THE COMMERCIAL AND INDUSTRIAL SECTOR 

Electric lighting directly accounted for 27 percent of commercial sector electricity use in 
1985. In some subsectors, lighting represents 35-50 percent of total electricity 
consumption. Most lighting is in indoor applications, but outdoor flood lights and street 
lights are also found. 

In the public/commercial sector, fluorescent lighting predominates. Many fluorescent 
lighting systems are also in use in industry. The main efficiency measures are: 

(1) Higher efficacy fluorescent tubes; 

(2) Fluorescent tubes of improved shape and higher optical efficiency; 

(2) Luminaires that absorb less light and direct more to the task in hand; 

(3) Electronic control gear; 

(4) Improved daylighting; 

(5) Controls to make use of daylight; 
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(6) Occupancy sensors; 
(7) More attention to social/psychological and ergonomic aspects, and their 

effect on lighting energy use, when designing new non-residential 
buildings. 

A number of high intensity discharge lamps and very large incandescent lamps are also in 
use in the public/commercial and industrial sectors. The main potential improvements are: 

(1) Replacement of inefficient incandescent and mercury lamps by more 
efficient ones, like low- and high-pressure sodium and metal halide; 

(2) More efficient luminaires; 

(3) Better control, which may involve replacement by different lamps, 
as well as many of the improvements that apply to fluorescent tubes and lighting systems in 
the commercial and institutional sector. We discuss the individual technologies below and 
define energy intensity factors and costs of conserved energy for the 
commercial/institutional and industrial sectors. 

Lighting energy use and efficiency in the base year 

Lighting energy efficiency is meaningful only when referenced to specific energy services. 
In the simplest case, the energy service provided by lighting can be measured in terms of 
the lumens required on specific work surfaces and in specific environments to optimize 
comfort and productivity. However, a host of ergonomic, physiological, psychological, 
and behavioral factors enter into the determination of the required lighting level, and these 
differ further by building type and usage area within each building. 

Because of this complexity, the energy efficiency of commercial buildings is often 
described by aggregate indicators of lighting electricity consumption (kWh/m2-year or 
W/m2). For currently existing Western European building stocks, reported typical values 
range from 20-40 kWh/m2 in Switzerland (Brunner et al. 1986). Some Swedish office 
buildings erected during the 1980s consume only about 10 kWh/m2, but standard office 
buildings in the UK show values of 40-60 kWh/m2 and prestige buildings may consume 
50-80 kWh/m2 (Jagemar et al. 1994). A comparison with office buildings in the U.S. 
shows a similar range for these, though average lighting energy intensities may be 
somewhat higher (Sezgen et al. 1994a). 

Translated into average W/m2 based on 2500 operating hours per year, these intensities 
give a range of 4-32 W/m2, with a typical value for the 1985 base year of perhaps 20-30 
W/m2. These intensities are about a factor of 10 higher than those found in the residential 
sector. 

Operating hours for non-residential lighting systems 

An important determinant of lighting electricity use are the operating hours of the lighting 
systems. Accurate data on average operating hours for the commercial and institutional 
sector are not available for the EC-5 countries, but a rough range starts from about 2000 
hours per year for schools to more than 5000 hours per year for hospitals and retail stores. 
Even higher figures apply to many industrial lighting systems. Offices are typically lit for 
2500 hours in Western Europe. 
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In addition, significant differences have been found among spaces within one and the same 
building that have different uses. For example, data obtained from commercial sector 
demand-side management programs in the U.S. (Owashi et al. 1994) show very high 
operating hours in halls (6500 hrs/yr), lobbies (4600 hrs/yr), and sales areas (5400 hrs/yr). 
The lower end of the scale is represented by storage areas (2300 hrs/yr) and conference 
rooms (1900 hrs/yr). 

Large differences were also found among private offices (2600 hrs/yr) and open offices 
(4100 hrs/yr). This difference indicates that the manner in which office workers are 
accommodated at the workplace may have a significant impact on lighting electricity 
requirements. 

Fluorescent Tube Lamps 

Until the mid-1970's, fluorescent tubes in Europe were 38 mm TL tubes, with 59 cm, 120 
cm, and 150 cm being the most common lengths. Depending on color rendition, their 
efficacy ranged from about 40-75 lumen/W. 

Electricity consumption was reduced by about 10%, at no cost, when 26 mm TLD tubes 
began replacing the older 38 mm tubes from the mid-1970's onwards, because of their 
greater optical efficiency. 

Current market shares 

The 38 mm tubes still make up 80% of all fluorescent tubes in the UK (Eyre 1990), 
although they are no longer widely used elsewhere in Europe. Based on total fluorescent 
lighting energy, replacing 38 mm tubes by 26 mm tubes would displace the output of a 300 
MW power plant in the UK, effectively at zero net cost. 

Though the TL share of existing lamps is less in other countries, it was still significant in 
the 1985 base year. For example, in the Netherlands, they still accounted for about 40 
percent of office building lamps (Worell et al. 1992). Most of the remaining fixtures carry 
TLD lamps. On account of their higher costs and the need for a different ballast energy 
saving tri-phosphorus lamps had reached only a limited market share in the base year. 

Improved fluorescent tubes 

For several years, triphosphor tubes have been available. Their color rendering is superior 
to, and their efficacy is well in excess of, the older halophosphor tubes. This improvement 
reduces electricity consumption by about 10%. The older halophosphor tubes were even 
less efficient when they were specially designed for good color rendering. If one compares 
lighting schemes that produce a similar quality of light as measured by color rendering, not 
just a similar quantity of light the reduction in consumption could be 40%. 

Near-commercial and advanced fluorescent lamps 

Within the next few years, more improvements are expected to come on the market These 
include isotopic enrichment of lamp mercury and loading the lamp with an axial magnetic 
field, which are both being researched in the USA. They should yield another 10-15% 
improvement raising the system efficacy to 120 lm/W. 
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The recently launched induction lamp has a similar efficacy to conventional fluorescents but 
is expected to last 150,000 hours, which could be the life of the building. Its primary 
application is in fixtures where lamp replacement is difficult or expensive, such as in 
industrial production facilities. It also requires precautionary measures to prevent radio 
interference. 

Costs 

The extra cost of 120 cm FL triphosphor lamps is about DM 5-10, with the high end typical 
of the most expensive phosphors. 

Induction lamps, at a price of DM 400, are economically limited to specialized niches where 
their longer life justifies the additional extra costs. 

Energy-efficient ballasts 

Conventional ballasts are made of electromagnetic core coils and operate at 50 Hz. So-
called energy-efficient versions of this type use better materials and can save about 10 
percent of input electricity. This type of ballast is already required by law in the U.S., but 
not in Europe or elsewhere. 

High-frequency electronic control gear for fluorescent tubes, and CFL's, was launched in 
the early 1980's. These ballasts operate the lamp at a frequency of tens of kHz instead of 
50 Hz. This directly improves efficacy - partly because such lamps appear to operate at 
nearer to their optimum temperature in typical fixtures, and partly because the process of 
fluorescence intrinsically works better at very high frequencies. 

A further evolution of the technology are dimmable electronic ballasts. These can be used 
for automatic dimming in response to daylight or to compensate for lumen depreciation. 

In either case, fluorescent lighting system ballasts are built for specific lamp configurations. 
Product categories follow the typical lamp systems, e.g. ballasts for one lamp FL 120cm, 
two lamp FL 120 cm, etc. They are further differentiated by instant-start versus rapid-start 
capabilities. 

Market share 

Though energy-efficient core coil ballasts have reached some market penetration, Western 
Europe is lagging behind the U.S. in utilizing energy efficient ballasts, and especially 
electronic ballasts. In the U.S., energy-efficient core coil ballasts became the legally 
required norm in 1990. In the 1993 update of the U.S. national efficiency standards 
legislation, a new efficacy norm was proposed for 1996 that is based on the performance 
reached by currently commercial electronic products. Koomey et al. (1995a) show the 
effectiveness of standards based on the development of U.S. market shares before and after 
introduction of the federal regulations. 

By comparison, the proportion of fluorescent lighting sold with electronic ballasts in the 
UK was just 5% in early 1990, and their market share in already existing equipment was 
undetectable (Eyre 1990). 
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Efficiency gains 

Electronic ballasts operating triphosphor 26 mm tubes attain over 100 lm/W. The same 
tubes with electromagnetic ballasts attain about 75-80 lm/W. Small CFL's with electronic 
ballasts attain 50-65 lm/W, whereas electromagnetically-ballasted CFL's launched in the 
early 1980's typically yielded 30-45 lm/W. Depending on the point of reference, the direct 
electricity saving from electronic ballasts over earlier technology is therefore 20-40%. 

The U.S. Department of Energy assumes a conservative figure of 20-25 percent in its 
economic justification of energy efficiency standards for fluorescent lamp ballasts (USDOE 
1993). Best commercial electronic ballasts have been tested to achieve up to 43 percent 
savings over standard systems. These savings arise from lower ballast losses, and from 
the more efficient operation of lamps at high frequency. 

In addition to these intrinsic savings, Lovins, Sardinsky et al. (1988) identify seven other 
sources of energy savings, several of which become available only when tunable electronic 
ballasts are used. These are: 

— use of one ballast to operate 3, 4, or more lamps in parallel (which 
also saves capital and installation labor) 

— improved voltage stability 

— improved lamp wall temperature stability 

— automatic compensation for the depreciation of lumen output as lamps 
age, rather than wastefully overlighting a space when new. 

— electronically tuning maximum lamp output to the task required in each 
area of the building and to suit reorganizations and desk or partition 
movements in open-plan offices 

— electronic daylight dimming of lamp output 

— integrating electronic ballasts with occupancy sensors and scheduling 
control systems. 

Lovins, Sardinsky et al. (1988) give the following percentage savings for typical 
applications: 12.5 percent from improved voltage and temperature stability, 14 percent 
from reduced lumen depreciation, and 15-20 percent for task tuning. Combined savings 
from these mechanisms are discussed below. 

Like other efficacy improvements, electronic ballasts also save electricity indirectly due to 
reductions in air conditioning loads. The size and economic value of these savings depends 
on the building type and heating and cooling requirements. 

Costs 

Core coil ballasts cost about DM 20-35 in Europe (1989 DM), and energy-efficient core 
coil versions cost about 10 DM extra. In the U.S., costs are about $10-20 (1989$). 

In the U.S., which has by far the most developed market for electronic ballast, non-
dimming electronic ballasts currently cost $17-34 in terms of 1989 dollars (DM 34-68). 

Page A. 10.3.84 



Dimmable ballasts currently cost about $30-$80, depending on what other features they 
offer (]US DOE 1993b, Koomey et al. 1994).20 

One obstacle to the wider use of electronic ballasts in Europe has been that most lighting 
•companies have until now sold them with a higher mark-up. The extra cost is easily DM 
60-100 per ballast. There are also fewer competing products on the market than in North 
America, where the introduction of standards has been anticipated by manufacturers. 

The above prices reflect retail purchases by individual firms. If ballasts are promoted 
through utility demand-side programs, lower prices can be realized, since manufacturers 
provide substantial quantity discounts. 

Cheaper new integrated circuit or microchip electronic ballasts have arrived on the market. 
They combine in one chip several previously discrete electronic components. According to 
industry analysts, this design will bring the price of high frequency ballasts close to that of 
conventional core coil ballasts. Under mass market conditions, the expected cost could be 
as low as DM 15 (Eyre 1990). 

Useful life 

Electronic ballasts have rated lives of 50,000-100,000 hours, equivalent to 20-40 years in 
typical applications. However, these rated life figures are larger than actual average useful 
lives, due to the loss of equipment during remodeling and building renovation. A useful 
life of 12-15 years is more realistic. 

Utility 

Electronic ballasts have important amenity advantages in that they eliminate lighting system 
50 Hz "flicker" and are much quieter than standard core-coil ballasts, greatly reducing 
"hum." They are also smaller and lighter than the energy-efficient versions of standard 
core-coil ballasts, which reduces the required weight carrying ability in ceiling structures. 

Problems related to power factor, harmonic distortion, and other power quality aspects can 
be avoided through choice of equipment with the proper specifications. Models with high 
power factor (greater than 0.9-0.95) and low harmonic distortion (less than 10 percent) are 
commercially available from a number of manufacturers. 

Further utility advantage arise when the electronic ballasts include dimming circuitry. 
Besides allowing additional savings of energy and investment costs for other lighting 
system components and air conditioning, they provide manifold flexibilities in daylighting 
application and customized lighting control (see below). 

2 0 Where energy efficient core-coil ballasts are already being applied, the marginal costs of moving to 
electronic ballasts is important In its technical support document for U.S. efficiency standards, the U.S. 
Department of energy assumes the marginal cost of dedicated electronic ballasts over energy-efficient core-
coil units to be about $ 9 (DM 18, 1989 real prices) at the retail level (US DOE 1993b). A typical 
additional cost of a dimmable ballast over a standard core coil unit is currently about $20. 
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Costs of conserved energy 

The cost of conserved energy from using ballasts depends on the kinds of tubes and 
lighting systems they are combined with, and on the already existing reference system. 
The more lamps are contained in each fixture, the lower the cost of conserved energy, since 
the extra cost of the ballast per lamp is lower. Detailed calculations are found in Lovins, 
Sardinsky et al. (1988), Piette et al. (1989), and in the technical support documents of the 
U.S. efficiency standards (US DOE 1993b). 

As a basis for legal standards, the calculations in the latter document are conservative, 
assuming only the lowest performance gains that can definitely be achieved in 100 percent 
of the cases, and ignoring important secondary benefits in lighting system maintenance 
costs, and in the case of dimmable ballasts, more accurate lighting system control (see the 
above list of indirect savings potentials). Depending on the regional climate, reduced space 
conditioning costs may also result21 

Nevertheless, US DOE finds low costs of conserved energy in the range of 1.2-3.2 
Pf/kWh for electronic ballasts in standard lamp systems using 38 mm (40 W) tubes and 
operating 4300 hours per year. When the ballasts are combined with more efficient 26 mm 
(32 W) T8 fluorescent tubes, CCEs are 0.4-7.4 Pf/kWh. In each case, the high end of the 
range applies to one-lamp systems.22 

More accurate calculations by Lovins, Sardinsky et al. (1988) yield still lower costs (see 
below), because they include a number of the above-mentioned maintenance and other 
secondary benefits listed above. 

For the purpose of this analysis, which takes a societal economic perspective, inclusion of 
these synergisms is appropriate and necessary. The lower figures are also more realistic 
for the time horizons and purposes of policy analysis, since demand-side management and 
utility procurement will reduce prices and costs. 

Improved Luminaires 

Luminaires in non-domestic buildings differ widely in the type of lighting they produce, 
and its quality; for example, freedom from glare. With the spread of video and computer 
screens, control of glare has become especially important. Strictly speaking, the energy 
service being provided is not light, but visibility for the tasks to be performed. In addition, 
most designers are seeking a certain character from the lit space, and neither lighting 
character nor visibility are directly proportional to illumination level. Nevertheless, we use 
lighting level in this discussion as a surrogate for overall lighting services delivered. 

2 1 A recent study by Sezgen and Huang (1994) shows for die U.S. that energy benefits and penalties 
largely cancel each other when averaging across all regions of that country. However, because of the 
differences in fuel and electricity prices and in conversion efficiencies between heating and air conditioning 
systems, net economic effects do remain. See also Section B.2 above. 

2 2 The CCE rises to 15-20 Pf/kWh in unfavourable cases, such as a small luminaire, containing a single 
0.6 m or 1.2 m tube, used for only 500 hours per year. This CCE would be typical of the marginal cost to 
improve a lighting system that had already applied improved tubes, luminaires, daylighting and occupancy 
controls - a rare case in the base year of our analysis. From a customer perspective, even 15-20 Pf/kWb is 
cost-effective compared to supply options. 
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Current efficiency levels 

Different new fittings for the common 0.6 m, 1.2 m and 1.5 m fluorescent tubes vary 
three-to-one in the electricity consumed to provide exactly the same illumination level, and 
best available technology may use four times less electricity than older luminaires still in 
use. 

Today, recessed fluorescent luminaires sold by the largest European manufacturer range in 
light output ratio (an indicator of their optical efficiency) from 37% to 74%. Those with 
polished aluminum reflectors are the most efficient in this range. 

Some 0.6 m luminaires in the UK suffer a further 20% loss even in new installations, 
because the standard suspended ceiling module continues to be incompatible with actual 
tube lengths, and part of die tube is concealed beneath the ceiling. This means that as much 
as 70% of the light in a new office is lost before it even exits the fitting. Even new surface-
mounted luminaires vary in efficiency from 55-84%, giving much scope for improvement. 

Efficiency gains from new luminaires 

New luminaires with carefully-shaped silver-coated reflectors, and a light output ratio of 
91%, have been sold in the USA since the mid-1980's, where they are estimated to result 
in typical savings of 35 percent (Lovins, Sardinsky et al. 1988). These imaging specular 
reflectors have had a delayed commercial start in Europe. In the UK as of 1991, such 
luminaires had not progressed past the pilot production stage (Burn 1991). Yet a new office 
lighting system, let alone an existing one, could use 20-70% less electricity from state-of-
the-art luminaires alone. 

Efficiency gains from retrofits of existing luminaires 

Many existing luminaires have white-painted surfaces whose shape causes much light to be 
lost within the fitting by multiple internal reflections. In the worst situations, after ten or 15 
years' use and dust accumulation, it is possible for 75% of the tubes' light output to be lost 
and never emerge to light the room. 

Such waste has led to the rise of a whole industry to retrofit existing luminaires with 
properly-shaped silver-coated films. As a rough average, these save 45% of previous 
electricity consumption at constant illumination levels. 

Costs and costs of conserved energy 

Retrofits are priced to give an attractive payback time - less than two years on sites used for 
3,000 hours/year. Imaging specular-silver reflectors cost about $40-60 installed in the 
U.S., and about $10 less for the somewhat less efficient aluminum reflectors. This gives a 
CCE of around 3 Pf/kWh, if the remaining lighting system is unchanged and its lifetime is 
10 years. The CCE could rise to over 10 Pf/kWh in unfavorable cases, such as systems 
where most of the electricity had already been saved by improved tubes, ballasts and 
daylight controls. Such baseline conditions are rarely found in the base year European 
building stock. Also, the installation of packages of all these measures in the form of entire 
new fluorescent fixtures with lamps and built-in dimmable electronic ballast are the 
economically preferred and decisive retrofit measure. This package is analyzed further 
below. 
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Fixture controls 

Having covered options for making the lamp and fixture hardware more energy-efficient it 
is important to consider several further savings from better controlling the operation of 
these improved fixtures. 

Task tuning 

With dimmable electronic ballasts, it becomes possible to adjust illumination levels to the 
tasks at hand in each area of the building, and to reset levels with changing arrangements in 
open floor plans. Savings of 12-20 percent are reported (Lovins, Sardinsky, et al. 1988). 
We use an EIF of 0.85 for this measure. 

Scheduling and occupancy sensors 

Motion sensors and other occupancy controls can be used to turn off lights in unused 
rooms (e.g., WC's and stores) a certain interval after they are vacated. Extensive 
experience with such measures in righting efficiency programs sponsored by U.S. utilities 
indicates a lighting electricity savings of 30 percent on average, with a significant variation 
(from 13 to 90 percent) by building type and floor space area (Audin et al. 1994). Other 
analysts and a number of demonstration projects (see below) report case studies indicating 
at least 40 percent savings when averaging over all spaces within typical buildings. 

Given significant potential for further refinements, we adopt savings of 40 percent as a 
typical building-wide average EIF from occupancy controls, but allow for a 20 percent 
saturation of this measure in the base year. This allowance does not mainly represent 
physical installations, but the more lighting-conscious behavior patterns found in Europe. 

Daylight dimming controls 

Most non-residential buildings are occupied by day, when light is available from the sun, 
and use relatively efficient fluorescent lighting. Most dwellings are occupied at night, and 
use inefficient incandescent righting. It is therefore a paradox that the former buildings use 
about ten times more lighting energy than the latter per unit floor area. 

Some of this discrepancy can be explained by occupant behavior and different 
psychological factors that apply in non-domestic buildings. However, there is considerable 
scope to use less electricity by substituting daylight for artificial light 

If one takes a typical European office building in which the relationship of fenestration to 
floor area may be prescribed by code (as is the case, for example, in the Netherlands), 
about 50 percent of workers may have a workplace near windows, forty percent are 
situated farther away from windows, with less available daylight and 10 percent have no 
direct daylight Using representative sky factors, Rutten (1991) estimates that in the 
Netherlands, daylight is sufficient during 46 percent of office hours to provide at least 375 
lux of illuminance (the standard minimum requirement for desk work) on a horizontal 
plane. Put another way, daylight utilization could provide almost half of the illumination 
requirements of European work spaces. 

Computer simulations suggest that daylight-sensitive dimming alone has the potential of 
saving about 25 percent of lighting electricity (Stiles and McCluney 1994). In some types 
of buildings, automatic daylighting controls alone can make large savings, reducing the 
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average consumption during occupied hours to less than 2 W/m2 in office-type buildings. 
Measured results for combined dimming and occupancy controls are given below. 

Behavioral factors 

The automatic dimming of artificial lights in response to daylighting has worked well in 
many workplaces, but has created occupant dissatisfaction in some cases. For example, in 
the Dutch Gasunie demonstration project described below, it was found that occupants 
disabled a number of controls because they provided the wrong amount of light at the 
wrong time. Here, the controls were setting lighting levels on the basis of a fixed ratio 
between outdoor illuminance and indoor illuminance known as the daylight factor.23 

However, measurements show that in order to obtain adequate lighting at the work surface, 
this ratio may need to be modulated according to the luminance distribution of the sky 
under different weather conditions (Rutten 1991). While these problems can be solved, 
attention has to be paid to them. 

Evidence also suggests that the quality of light in highly daylit buildings can be so high that 
a lower illuminance gives the same standard of visibility (ASES 1980-1990). The result is 
that users may not turn the artificial lighting back on until the illuminance has dropped 
below, say, 100 lux. In this case, even 'perfect' photocells and dimmable electronic 
ballasts would use more energy than alternative control systems, unless they were finely-
tuned. 

Correctly tuned daylighting controls may be indispensable for obtaining optimal savings, 
especially in large open-plan spaces. However, in cellular offices, manual user control by a 
dimmer switch, or occupancy controllers, or manual switching-on plus automatic 
switching-off when the building is vacated for lunch or users have gone home, may suffice 
to give a low consumption. 

The daylighting potential of cellular perimeter offices can be diminished if, as is often the 
case nowadays, the computer terminal work space is near the window and glare from the 
window is controlled through blinds. This control strategy, which blocks daylight, has the 
inadvertent effect of making the interior area of the office too dark. This, combined with 
the fact that the single light switch is normally near the interior door to the hallway and out 
of convenient reach from the desk near the window, prompts many occupants to leave the 
lights on. Multiple switches and/or automatic daylight-responsive dimming or shut-off 
devices are needed to obtain the full lighting efficiency potential in these cases. 

Other strong behavioral influences are also at work. UK research has shown that the 
lighting is on for a quarter as many hours in daylit cellular offices as in deep, open-plan 
offices - under 1,000 instead of over 3,000 hours/year (Bordass 1991). This is because in 
open-plan offices, the first person in usually turns the lighting on, and little is turned off 
until the last person leaves, rf then. 

Even in open-plan buildings which have a more 'domestic' ambiance and are less 
'institutional' in character, users also seem more inclined to switch lights off when leaving 

2 3 The daylight factor is the ratio of indoor illuminance at the work station to the illuminance on a 
horizontal surface due to an unobstructed sky. Measurements show that this ratio is not fixed, but varies by 
about a factor of five depending on what sky is present (cloud cover, time of day, season, turbidity). 
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rooms. In new offices, and refurbished ones, close attention to such social and 
psychological factors will greatly reduce the hours of use of office lighting. 

Efficient utilization of available light 

Daylight-oriented building design 

To optimize building construction and operating costs, the design of new buildings needs 
to be based from the start on an optimal use of daylight The choice of suitable plan forms, 
glazing types and orientations is important. Controls are also essential so that the artificial 
lighting will be turned down or off when daylight is available. 

From the start of the design process, highly daylit buildings are different in form from a 
building designed for permanent artificial lighting. New computer software allows the 
simultaneous economic optimization of heating, cooling, and lighting loads. Daylighting 
can be achieved with a more shallow plan that situates more space close to windows, or 
with a deep plan that contains one or several atrium spaces within. 

Shallow-plan buildings have historically been predominant, especially in Europe's pre-
1970s office buildings, but since then, many deep plans have been built. For a typical 
building, the economically optimal fenestration percentage is about 30 percent in Western 
and Northern European climates, and 20 percent in Southern Europe, provided that 
movable solar shading and daylight-sensitive lighting controls are used (Kristensen 1991). 

The atrium design reproduces, in effect, a shallow plan within the overall building, but in 
the facades facing toward the atrium space, higher fenestration levels are used to bring in 
daylight (40-60 percent fenestration, with the higher numbers at lower floors). Because of 
the atrium containment, this can be done without creating excessive solar gains or heat 
losses. Several recent demonstration projects of the atrium type have been built in Europe 
(see below). 

Component daylighting technologies 

Other daylighting technologies affect only building components and can be applied to any 
floor plan or can be retrofitted to the building shell. Light shelves, prismatic daylighting 
panels, and so-called stationary projecting reflector arrays (SPRAs) can provide glare-free 
solar flux to the ceiling of a room.24 Skylights, roof monitors, glass-topped partitions, and 
light pipes (a hybrid system partially fed by daylight and artificial light according to 
availability) can be used to bring daylight into deep-plan buildings and corridors. 

An advanced technology that overcomes the need for architectural adaptation associated 
with light shelves or the need for louver adjustments are holographic patterns deposited on 
window glazings that can passively track the sun and focus incoming light onto the rear of 
the room (̂ holographic glazings). 

Another advanced technology that is expected to become widely commercially available are 
electrochromic glazings whose opaqueness is electrically controlled. These glazings could 
allow for greater fenestration levels and thus higher daylighting benefits while moderating 

2 4 Computer simulations show that SPRC can reduce artificial lighting requirements in office buildings 
by 25 percent in a range of northern latitudes (Stiles and McCluney 1994). 
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increases in cooling loads. Prismatic daylighting panels could be used in the upper 
portions of the windows to light interior spaces while the electrochromic glazing would 
control heat gains and comfort in the window zone. 

Using these approaches and optimized building plans, it becomes possible to daylight most 
of the work space, even in multi-story buildings. Significant amounts of artificial light are 
then only needed between the hours of dusk and dawn, or on dull winter days (Kristensen 
1990). 

Task lighting 

Background lighting requirements from ceiling fixtures can be reduced by supplementing 
such lighting with desktop lamps, and with pendant light fixtures. Savings of 40 percent 
have been reported in European demonstration projects. 

Cavity reflectance 

The utilization of fixture outputs and daylight can be greatly improved by careful attention 
to interior design, including use of light wall colors, furniture, and floors. In addition, 
common specifier errors and lack of training of building staff can lead to inappropriate and 
wasteful choices of lamps and fixtures that fail to deliver light where it is needed in an 
optimal fashion. 

Combined efficiency factor 

It is widely agreed that most fluorescent lighting systems designed before 1985 are 
technically obsolete. Yet many of these systems are still operating, using as much as 30 
W/m2 to provide an illuminance of 500 lux, or 75 kWh/m2-yr at a typical operating time of 
2500 hrs/yr. 

We define typical combined savings on the basis of both engineering calculations and 
measured results from demonstration projects. 

Measured savings from demonstration projects 

An early pointer to the possibilities from daylighting and control alone is the UK Building 
Research Establishment low energy office, which was designed in 1978 and built in 1981. 
It uses 5 kWh/m2 of electricity for lighting annually, 80-90% less than average UK offices, 
but cost no more to build than standard UK offices (Crisp et al 1984). As one might guess 
from its age, this saving is almost entirely due to daylighting and a design which 
encourages users to be economical with artificial lighting. The light fittings themselves 
were of 1970's vintage. 

A similar test of control and dimming strategies was made in the Netherlands by the Dutch 
Gasunie Co. in one of its office buildings (CEC 1985). Different strategies were tested on 
different floors. Combining the original inefficient lighting system (30 W/m2) with 
automatic daylight dimming/off, manual-on controls, and separately controlling window 
and corridor zones resulted in a 63-72 percent savings. When ceiling fixtures were 
additionally replaced by pendent lights, savings of 84 percent resulted. Savings of 82 
percent were also achieved when ceiling lights were derated by 40 percent and daylighting 
controls were combined with task lighting on desks. 
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More recent examples of integrated building design for daylighting and active daylighting 
controls are the Kristallen building in Uppsala, Sweden, and the Helios building in 
Bruxelles, which is part of the THERMIE demonstration program of the European 
Community. In these cases, lighting electricity use was reduced to 5-7 kWh/m2-yr 
(Kristensen 1991), comparable to the results obtained in the UK Building Research 
Establishment office. 

A recent state-of-the-art example from the US is an insurance company office designed for 
maximum energy efficiency by California's leading utility company, Pacific Gas and 
Electric. It was commissioned in 1994. The building was constructed as part of an 
innovative program called Advanced Customer Technology Test for Maximum Efficiency, 
or ACT2. To maximize winter solar gains, minimize summer gains, and optimize 
daylighting, the building was oriented in a north-south direction. In addition, skylights 
with louvers controlled by daylight-sensitive photocells were used. Lamp systems were of 
state-of-the-art efficiency and automatically dimmed. 

In combination, these designs and various other measures cut electricity consumption by 76 
percent compared to conventional practice, which is already quite efficient by international 
comparison, due to California's commercial building efficiency standard. Despite the 
emphasis on daylighting, building costs did not increase. On the contrary, the electric 
capacity of the most expensive mechanical system, the HVAC system, was lowered by 40 
percent, which offset all or most of the additional incremental costs of the more efficient 
lighting systems. 

EIFs used in this analysis 

We now combine all the efficiency measures analyzed in the previous discussion. In this 
calculation, we also take into account measures that were not or not fully implemented in 
the above-mentioned demonstration projects. We further take into account that some 
measures (e.g. 26mm tubes, task lighting, or daylighting-oriented floor plans and 
fenestration) are already realized in part of the building stock, while other measures have a 
negligible saturation. 

Tables A.10.3.17.a and b show our illustrative calculations of the combined potentials for 
reducing energy intensities in commercial sector office buildings. 

We start from a conventional two-lamp FL fixture in an existing office building with 
standard lighting systems and controls. To be conservative, we assume that narrow 26 mm 
tubes with good color rendition and an efficient core coil ballast are already being used in 
the existing installation. The following typical savings potentials are then estimated for 
currently commercial technology. 

— Use of an electronic ballast with HF lamps results in a nominal 18 
percent saving (EIF 0.82). With advanced tubes, this saving would 
increase to 25 percent (EIF 0.75). 

— Improved voltage and temperature stability and reduced lumen 
depreciation result in savings of 12.5 and 14 percent, respectively, or 
a cumulative EIF of 0.6 when combined with the nominal lamp/ballast 
savings. 

— The use of an imaging specular reflector reduces wattage requirements 
per lumen by 30 percent, resulting in a cumulative EIF of 0.42. 
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— Task tuning provides a 15 percent savings, bringing the cumulative 
EIF to 0.36. Occupancy controls, scheduling, and continuous 
daylight dimming cut watts per lumen in half again, resulting in a 
cumulative EIF of 0.18. A 20 percent existing saturation of 
occupancy controls is allowed for. 

— Task lighting saves 40 percent as reported in the Gasunie 
demonstration, but is assumed to be already applied in 50 percent of 
the buildings. The same goes for improved cavity reflectance, which 
is assumed to save 20 percent where applied. The cumulative EIF 
now becomes 0.13. 

— The typical savings potential of shell-related daylighting measures is 
assumed to be 25 percent (Olivier et al. 1983, Lovins 1988, Stiles and 
McCluney 1994). The cumulative EIF now becomes 0.10. 

— In new buildings that would otherwise have been built without 
attention to daylighting, a realistic savings percentage might be 75 
percent, as illustrated by the atrium designs used in several of the 
above-mentioned demonstration projects. The cumulative EIF now 
becomes 0.03. 

This calculation thus shows that modern lighting technologies could reduce commercial-
sector fluorescent tube lighting by 90 percent or more. 

To sum up, an advanced new fluorescent lighting installation might use correctly-shaped 
silver-coated mirror luminaires, one or two 18 or 32 W triphosphor argon-filled 26 mm 
fluorescent tubes, or four-pin compact fluorescents, per fitting; reasonably light wall and 
ceiling colors, and/or more regular redecoration; and dimmable high-frequency electronic 
ballasts. Task lighting would be provided by smaller versions of these systems, often 
based on CFL's. Incandescents would be replaced by CFLs in most applications. 

This would result in a building consuming 25 to 30% as much electricity for the same 
quality of lighting as a more conventional scheme. A good scheme would use roughly 5 
W/m2 to provide an illuminance of 500 lux. It would use still less to provide 300 lux, 
which is usually requested now in spaces where computer screens are in use, or 100 lux, 
which is more appropriate in circulation areas. 

Moreover, in areas where people were away, or daylight was available, or rooms that are 
only periodically occupied, such as storerooms and toilets, photoelectric cells and 
occupancy sensors would be used so that lighting was only provided according to need. 

Decorative lighting would be provided by specialized types of CFL, with reflectors, or in 
rare cases low-voltage tungsten-halogen lamps. Such measures would reduce the actual 
consumption to 1-2 W/m2 when the building was occupied, and die annual electricity 
consumption would be 3 kWh/m2. or less. 

We use an EIF of 0.1 for the total potential of the currently commercial technologies case, 
and an EIF of 0.05 for the advanced technology potential. 
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Table A.10.3.17.a: Energy savings from lighting efficiency in offices, low baseline efficiency 

Number 
of units 

120 cm FL lamps (38 mm) 2 
Ballasts 1 
Lamp output 
Luminaire (eff .=0.6) 1 
Lamp plus fixture output 

Number 
of units 

120 cm FL lamps (38 mm) 2 
Ballast 1 
Lamp/ballast system 

EIF lamp/ballast 
Nominal lamp savings 
incl. voltage/temp, stability 
incl. red. lumen depreciation 

EIF fixture 
Imaging specular reflector 
Fixture system 

EIF controls 
Task tuning 
Occupancy controls/scheduling 
Continuous daylight dimming 

EIF utilization 
Task lighting 
Improved cavity reflectance 
Building modifications exist. 

new 
Combined EIF 

Existing buildings 
New buildings 

Original lighting equipment 
Type Input Lumen 

(W) output 

FL(29) 80 6000 
Core coil 18 

98 6000 
white metal 

98 3600 

Replacement equipment 
Type Input Lumen 

(W) output 

FL(29) 
HF dimming 4 

70 6000 

Remaining applications, 1985 
1.00 
1.00 
1.00 

1.00 
1.00 

1.00 
0.80 
1.00 

0.50 
0.50 
1.00 
1.00 

Efficacy 
Lumen/W 

75 

61 

37 

Efficacy 
Lumen/W 

86 

index 
marginal 

1.00 

0.71 

0.71 
0.88 
0.84 

0.70 

W/lumen 
index 

cumul. 

1.00 

0.71 

0.71 
0.63 
0.53 

0.37 

index 
marginal 

0.85 
0.60 
0.75 

0.60 
0.80 
0.75 
0.25 

index 
cumul. 

1.00 

037 

0.31 
0.21 
0.16 

0.13 
0.11 

0.09 
0.03 
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Table A.10.3.17b: Energy savings from lighting efficiency in offices, high baseline 

Number 
of units 

120 cm FL lamps (26 mm) 2 
Ballast 1 
Lamp output 
Luminaire (eff .=0.6) 1 
Lamp plus fixture output 

Number 

of units 

120 cm FL lamps (26 mm) 2 
Ballast 1 
Lamp/ballast system 

EIF lamp/ballast 

Nominal lamp savings 
incl. voltage/temp, stability 
incl. red. lumen depreciation 

EIF fixture 
Imaging specular reflector 
Fixture system 

EIF controls 
Task tuning 
Occupancy controls/scheduling 
Continuous daylight dimming 

EIF utilization 
Task lighting 
Improved cavity reflectance 
Building modifications exist. 

new 
Combined EIF 

Existing buildings 
New buildings 

Original lighting equipment 

Type Input Lumen 
(W) output 

FL(84) 72 6900 
Core coil 8 

80 6900 

white metal 
4140 

Replacement equipment 
Type Input Lumen 

(W) output 

FL(84) 
HF dimming 4 

61 6400 

Remaining potential in 1985 
1.00 
1.00 
1.00 

1.00 
1.00 

1.00 
0.80 
1.00 

0.50 
0.50 
1.00 
1.00 

Efficacy 
Lumen/W 

96 

86 

52 

Efficacy 
Lumen/W 

105 

index 
marginal 

1.00 

0.82 

0.82 
0.88 
0.84 

0.70 

efficiency 

W/lumen 

index 
cumul. 

1.00 

0.82 

0.82 
0.72 
0.60 

0.42 

index 
marginal 

0.85 
0.60 

0.75 

0.60 
0.80 
0.75 
0.25 

index 
cumul. 

1.00 

0.42 

0.36 
0.24 
0.18 

0.15 
0.13 

0.10 
0.03 
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Investment costs and costs of conserved energy 

More efficient lamp/ballast/fixture system 

A sample calculation of the cost of conserved energy for the above lamp/fixture measures is 
given in Table A. 10.3.18, in which we adapt a corresponding analysis by Lovins, 
Sardinsky et al. (1988) to European applications. A standard two-lamp fixture with a white 
metal luminaire and a core coU ballast is replaced by a one-lamp fixture with a dimmable 
electronic ballast and an imaging specular reflector. Occupancy sensors are installed, each 
controlling four fixtures. These measures correspond to an EDF of 0.18, as shown in Table 
A.10.3.17.a above. 

The dimming electronic ballast, which costs twice as much as the core coil unit, is shared 
between two fixtures of this type, reducing capital cost per fixture. The ballast is assumed 
to last 20 years, and energy savings, lamp replacements and labor replacement expenses are 
present-valued over that period. Because the one-lamp system with the specular reflector 
puts out more light than the original fixture, the dimming electronic ballast is assumed to be 
downtuned to provide the same lumen output as the original system. 

This calculation gives a cost of conserved energy of 2.4 Pf/kWh. Depending on heating, 
ventilation, and cooling (HVAC) loads in the building, the net cost could be lower. 

Task lighting 

Lovins, Sardinsky, et al. (1988) quote a detailed engineering-economic analysis of 31 
alternative strategies for achieving an illuminance of 500 lux, including task lighting. The 
commercial office building started with a lighting power density of 28 W/m2, comparable 
to existing European buildings of this type (see above). Depending on how much floor 
space was provided per worker (10 m2 versus 20 m2), the cost of task lighting savings of 
38-44 percent was found to be 1.0-2.0 Pf/kWh. If task lighting is implemented after all 
ambient lighting fixtures have been modernized, costs will be about five times higher but 
could still be cost-effective. 

Daylight-oriented buildings 

In theory, one might think that a daylit building plan should cost more to construct, because 
of its larger perimeter, but this is not always true, as shown by recent demonstration 
projects. The type of building which is highly daylit needs smaller and/or less mechanical 
services in both the lighting, ventilation, and air conditioning areas. Daylit buildings in 
Western Europe with its generally cool nights can be particularly effective at saving energy 
and capital for cooling and ventilation, because summer comfort can then be provided by 
opening windows or by simple mechanical ventilation instead of air conditioning, and/or by 
adding thermal mass and storing daytime heat for ventilation at night 
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Table A.10.3.18: Costs of conserved energy for retrofitting fluorescent fixtures 

Replacement cost of std. 2-lamp fixture 

reflector 
relamping capital 
relamping labor 
ballast replacement capital 
ballast replacement labor 
Total avoided costs 

Cost of new 1-lamp fixture 

imaging specular reflector, capital&labor 
photosensor and dimming controls 
electronic ballast, capital 
occupancy sensor capital&labor 
lamp capital 
Total replacement costs 

Net annualized replacement costs 

Electricity savings over 20 years 

Lumen output per fixture 
Electricity consumption 

Lumen-normalized 
Savings 

Levelized cost of conserved energy 

twoFL84 

core coil 

HF dimming 

one FL84 HF 

lumen 
kWhtyr 
kWh/yr 
kWhtyr 

Pf/kWh 

first cost 
1989 DM 

0 
18 
3 

35 
8 

100 

2 
40 

37.5 
15 

conventional 
system 

4140 
200 

Lifetime 
years 

n/a 
6 
6 

20 
20 

20 
20 
20 
20 
7 

CRF 

n/a 

0.21 
0.21 
0.08 
0.08 

0.08 
0.08 
0.08 
0.08 
0.18 

replacement 
system 

4571 
36 

33 

Annualized cost 
1989 DM/yr 

0.0 
3.8 
0.5 
2.8 
0.7 
7.8 

8.0 
0.2 
3.2 
3.0 
2.7 

17.1 

9.3 

167 

5.6 

comments 

I) 
2) 

3) 
4) 
5) 

6) 

7) 
8) 
9) 

10) 

1) Old reflector would have remained 
2) Avoided relamping with conventional lamps; actual lifetime of lamps = 70% of 20k hours. 
3) Only one lamp to replace rather than two, 3 min of labor saved (DM 50/hr). 
4) Standard core coil, replacement costs over 20 years 
5) 2-lamp ballast replaced by two-lamp ballast serving two one-lamp fixtures, saving 10 minutes of labor 
6) Includes installation of reflector, ballast, lamps, and interflxture/signal wires; actual lifetime of lamps = 70% of 24k hours. 
7) Controls shared among a larger number of fixtures 
8) Ballast is shared between two luminaires; installation included in reflector price 
9) Sensor shared between four luminaires 
10) Assumes operating time of 2500 hours per year. 
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Where net extra construction costs do appear from daylighting designs, this raises an issue 
of cost allocation. Daylit buildings may be more popular with users, giving higher 
productivity. Atrium designs may have a particular attraction in terms of representational 
value and occupant satisfaction, and may become the new standard level of ambiance 
demanded by a more sophisticated public and work force. 

Taking account of these interactions, we assume that newly constructed building designs 
with increased daylighting features will have no extra cost, provided that trade-offs 
between heating, cooling, and lighting are properly considered. However, we do assign a 
cost of 5 Pf/kWh to shell measures for increasing daylighting access. 

Cost of conserved energy for combined fluorescent fixture savings 

If the savings from better lamps, ballasts, fixtures, and controls, the savings from task 
lighting, and those from building shell modifications and daylight-oriented budding designs 
(Table A. 10.3.17) are weighted by their respective costs of conserved energy, the average 
CCE for fluorescent lighting savings becomes 2.5 Pf/kWh. We round this figure to 3 
Pf/kWh. This figure is used for both current and advanced technology. 

Improved HID Lamps 

High intensity discharge (HID) lamps consist of the older mercury vapor (MV) lamps, and 
newer metal halide (MH) and high pressure sodium (HPS) lamps. They use an electric arc 
passing through pressurized mercury vapor and other metal vapors to produce light. Low 
pressure sodium lamps, which differ somewhat in the mechanism of light production, are 
also discussed under this category. 

Though small wattage, single-ended models of as littie as 32 watts are available for some of 
these lamp technologies, their primary application is for lighting where large lumen output 
is required. Lamps reach up to 1500 W, reaching as much as 20 times the lumen output of 
fluorescent lamps of typical wattages. All HID lamps use ballasts. Until now, most lamps 
require a several minute starting period and a 20 minute regeneration period after shut
down before they can be restruck, making them unsuitable for frequent switching. 

The typical applications of HID lamps are indoor lighting in high-ceiling buildings such as 
warehouses, sports facilities, and industrial plants, and outdoor security and street lighting. 
Metal halide lamps are also used as uplighters in large offices. Because of high labor costs 
for lamp replacement (up to 200 DM per lamp), long service life is especially important. 
Most HID lamp have a useful service life of 16-24 years at 10 hours of operation per day, 
significantly in excess of fluorescent tube lamps. 

Savings from more efficient lamps 

The energy efficiency of HID lighting can be greatly improved, although the possibilities 
are probably smaller, and certainly less well-publicized, than for fluorescent tubes. 
Improved lamp efficacy can be achieved above all by replacing the older mercury vapor 
(MV) lamp technology and high-output tungsten-halogen incandescent lamps by more 
advanced HPS or MH lamps. 
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MV lamps have efficacies of as little as 20-40 lumen/W at small (up to 100 W) sizes, and 
no more than 50-60 lumen/W at high wattages. Metal halide lamps almost double these 
efficacies while offering excellent color rendition and light quality. HPS lamps can be 2.5 
times more efficient in applications where color rendition is less demanding. Where the 
yellow light of low pressure sodium lamps is acceptable, these lamps offer a roughly 
fourfold increase in efficacy. On average, we estimate that a 50 percent energy saving can 
be achieved by replacing MV lamps, corresponding to an EIF of 0.50. 

In many in-building applications, where good color rendering is required, large 
incandescent and tungsten-halogen lamps are still being used for high-output lighting. 
These lamps are strong candidates for replacement by metal halide lamps. The electricity 
savings from this substitution are typically 75 percent, corresponding to an EIF of 0.25. 

Even today, the light sources in outside floodlighting and security lighting are sometimes 
tungsten-halogen lamps, which use eight times more electricity than low-pressure sodium. 
Street lighting can be redesigned to make greater use of the highly energy-efficient low-
pressure sodium lamp. The more efficient high- and low-pressure sodium lamps can save 
50-70 percent of lighting electricity when they replace mercury floodlighting, giving EIF's 
of 0.3-0.5. 

Electronic ballasts are also beginning to be available for HID lamps. Unlike with 
fluorescent tubes, they yield only minor improvements in the efficacy of the lamps. 
Dimming of HID lamps is inherenUy limited, but electronic ballasts do ensure belter 
maintenance of lumen output and color quality. 

Remaining application potential for improved HID lamps 

Though the more modern HID lamps have entered the market since the 1960s, inefficient 
MV and high-output incandescent lamps still hold a significant market share. For example, 
it is estimated that MV lamps still accounted for about 40 percent of base year HID lighting 
in the UK (Eyre 1990). In the 1985 base year of our analysis, low pressure sodium lamps 
were still not used widely for street lighting, except in the Netherlands and the UK. 

Savings from switching to lamps with controls 

Many HID lamps are now used in installations where control of the light output as a 
function of actual lighting needs could save electricity. However, HID lamps allow very 
limited flexibility in light output. In such cases, one could even now consider replacing 
HID lamps by less efficient, but more precisely-controlled, lamps. 

For example, many metal halide lamps were installed as uplighters in UK offices, before 
the shortcomings were realized. Modern well-controlled fluorescent tubes, or CFL's with 
electronic ballasts, can also provide indirect lighting, intrinsically use 20-30% less 
electricity, have better color rendering, and can be dimmed in daylight or turned off when 
users leave a room. 

Some security lighting could be advantageously changed to lamps that allow rapid on-off 
switching, such as tungsten-halogen or CFL's, and controlled by photocells interlocked 
with occupancy sensors. These could act as a greater deterrent to crime than constant 
lighting levels, and save 90-95% of the electricity, despite the replacement light source 
having a lower efficacy. 

Page A. 10.3.99 



Improved luminaires 

Many luminaires in outside security lighting are observed to direct most of the light output 
uselessly upwards or sideways outside the security area, often causing annoyance to 
neighbors. Even when correctly used, typical new luminaires for HID lamps have light 
output ratios of 50-84%. Despite the theoretical benefit of HID lamps being a concentrated 
light source, these figures are inferior to the optical performance of state-of-the-art 
luminaires for fluorescent tubes. They can almost certainly be improved, saving 10-40% of 
the previous electricity consumption. 

Better use of light 

Beyond a basic level of street lighting, research by Philips showed that it was more 
promising to make better use of the free light from the night sky, by specifying lighter-
colored road and path surfaces, than to continue to shine ever higher levels of light onto the 
surface. The use of light surfaces in urban environments is desirable on the grounds of 
urban heat island mitigation as well. The urban heat island effect exacerbates summer-time 
high ozone occurrences and increases air conditioning requirements and summer peak loads 
in the electricity system.25 

Combined savings potential 

If applied thoroughly, the savings from HID lamps could possibly be of the same order as 
those from fluorescent lighting within buildings; namely a combined EIF of 0.1-0.2 for an 
unchanged level of energy service. However, many of these possibilities still remain to be 
analyzed, and available data on HID lamp installations are insufficient to make more than a 
rough estimate of potential electricity savings. 

We assume that with current technology, the various lamp replacements (incandescents and 
MV) and improved controls will raise the estimated average efficacy of HID lighting from 
60 to 100 lumen/W. Luminaires are made as good on average as current best equipment. 
And better utilization of output reduces electricity requirements by 20 percent. This yields a 
combined EIF of 0.38. With advanced lamps that can be more easily dimmed and switched 
on and off, a combined EIF of 0.28 is assumed (Table A. 10.3.19). 

Costs of conserved energy 

Because most HID lamps operate long hours, costs of conserved energy tend to be low. 
For replacement of MV lamps by MH and HPS lamps, Eyre (1990) reports a typical CCE 
of less than 2 Pf/kWh. When large indoor tungsten halogen lights are replaced by MH 
lamps, the CCE becomes negative, because the new lamps have longer lifetimes and cost 
less to maintain (Lovins, Sardinsky et al. 1988). For lack of better information, we 
assume a CCE of 2 Pf/kWh, the same as when high-pressure sodium replaces mercury. 

2 5 As shown by Akbari et al. (1990), white roof and building surfaces and light paving materials can 
greatly reduce the summer heat island effect in large cities. In various cities of the U.S. (at latitudes 
comparable to those of Southern Europe), it is found to cutting air conditioning requirements by as much as 
60 percent when combined with shading trees. 
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Table A.10.3.19 

Incandescents 
CFLs 
Fluorescents 
HID 

Incandescents 
CFLs 
Fluorescents 
HID 

Incandescents 
CFLs 
Fluorescents 
HID 

: Summary of energy intensity factors for non-residential lighting 

lamp 
efficacy 
lumen/W 

18 
45 
60 
60 

lamp 
efficacy 
lumen/W 

35 
70 
100 
100 

lamp 
efficacy 
lumen/W 

50 
85 
120 
120 

Base year stocks (1985) 

fixture lamp& controls/ 
light output fixture dimming/utiliz. 

ratio lumen/W EIF 

0.50 9 1.00 
0.40 18 1.00 
0.50 30 1.00 
0.67 40 1.00 

Current technology 

fixture lamp& controls/ 
light output fixture dimming/utiliz. 

ratio lumen/W EIF 

0.67 23 0.68 
0.47 33 0.68 
0.71 71 0.24 
0.84 84 0.80 

Advanced technology 

fixture lamp& controls/ 
light output fixture dimming/utiliz. 

ratio lumen/W EIF 

0.71 36 0.68 
0.57 49 0.24 
0.71 86 0.14 
0.84 101 0.70 

Combined 
W/lumen 

EIF 

1.00 
1.00 
1.00 
1.00 

Combined 
W/lumen 

EIF 

0.26 
0.37 
0.10 
0.38 

Combined 
W/lumen 

EIF 

0.17 
0.09 
0.05 
0.28 

1) Light output ratio for incandescent fixtures is higher than for CFLs because 
incandescent lamps are more efficient in getting light out of fixture than CFLs. 

2) Increased light output ratio for fluorescent lamps taken from Table A. 10.3.17 
3) Increased light output ratio for HID lamps corresponds to a 20 percent electricity saving. 
4) With current technology, incandescents and CFLs benefit from occupancy controls. 
5) With advanced technology, CFLs additionally benefit from daylight dimming. 
6) Fluorescent lamp EIF for daylight dimming and controls taken from Table A. 10.3.17. 

PageA.10.3.101 



4. COMBINED POTENTIAL OF COMMERCIAL AND INDUSTRIAL LIGHTING 
EFFICIENCY IMPROVEMENTS 

Table A. 10.3.19 above shows the energy intensity factors used in this analysis for non
residential lighting. In the case of advanced technology, CFLs become dimmable and thus 
amenable to daylighting controls. Incandescent spot, flood, and accent lights in the 
commercial sector are substituted by metal halide lamps, boosting lamp efficacy above the 
levels achieved with current halogen IR technology. 

Evolution of the mix of lamp technologies 

Table A. 10.3.20 shows how each of the four major lamp categories contributes to total 
lumen output and total electricity use in 1985 and in 2020. In the reference case, CFLs 
slowly penetrate their market as incandescent substitutes. With current technology, the 
technical potential case allows a roughly 60 percent substitution of incandescents by CFLs 
and a further ten percent by HID lamps. With advanced technology, CFLs and HIDs 
virtually eliminate incandescent lighting, and what standard sockets remain are based on 
energy-efficient halogen-IR technology. The share of standard fluorescent tube lighting in 
total lumen output remains constant 

When these shifts in lamp technology are combined with the EIFs of Table A. 10.3.19 
above, the following average energy savings are realized: in the business-as-usual case, 
the EIF is 0.86. Current technology cuts the electricity intensity of lighting by eighty 
percent (EIF 0.21), and advanced technology by ninety percent (EIF 0.10). 

Weighted average cost of conserved energy in non-residential applications 

When the above-derived costs of conserved energy are weighted by the energy savings 
from each type of lighting efficiency improvement, the resulting figure is 2.2 Pf/kWh. It 
should be noted that we assume the CCE for advanced technology to be the same as for 
current technology. Also, the cost of conserved energy for non-residential substitutions of 
incandescents by CFLs is negative, due to the avoided labor costs of lamp replacements 
(assumed to be -4 Pf/kWh, the mean of the values shown in Table A. 10.3.15 above). 

5. SUMMARY: LIGHTING ENERGY SAVINGS AND COSTS 

In the last 20 years, the potential gains from more energy-efficient lighting of all kinds, 
inside and outside buildings, have been more than swallowed up by growth in the 
quantities of lighting services (McGowan 1989). Table A. 10.21 suggests that the same 
need not be true in the next 20 years. 

Across all sectors and lighting applications, currently commercial technology can cut 
lighting electricity use by more than 70 percent, and advanced technology by 85 percent 
In the residential sector, costs of conserved energy are highest at 5.2 Pf/kWh. In the 
commercial sector, they are lowest at 0.8 Pf/kWh (not shown in the table), with the 
industrial sector savings falling in between. The average technology cost (i.e., without 
program costs or T&D credits) of these large percentage savings is only about 2.7 Pf/kWh. 
With the 50 percent increase for our high cost case, the average CCE is about 4 Pf/kWh. 
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Table A.10.3.20: Efficiency potentials and future lighting mix by lamp type, non-residential applications 

Lamp type 

Incandescents 

CFLs 

Fluorescents 

HID 

Total/average 

1985 base year 

Efficacy Share of Share of 
lumen/W lumen-hrs el. use 

18 0.10 0.27 

45 0.01 0.01 

60 0.70 0.57 

60 0.19 0.15 

56 1.00 1.00 

2020 reference case 

Comb. Share of Share of 
EIF lumen-hrs el. use 

0.90 0.08 0.23 

0.82 0.03 0.03 

0.86 0.70 0.59 

0.86 0.19 0.15 

0.86 1.00 1.00 

2020 technical potential 

current technology advanced technology 

Comb. Share of Share of Comb. Share of Share of 
EIF lumen-hrs el. use EIF lumen-hrs el. use 

0.26 0.03 0.11 

0.42 0.07 0.15 

0.10 0.70 0.30 

0.51 0.20 0.43 

0.21 1.00 1.00 

0.17 0.07 

0.09 0.08 

0.05 0.70 

0.28 021 

0.10 1.00 

0.05 

0.08 

0.33 

0.54 

1.00 

1) Lamp/ballast system efficacies for base year are authors' estimates. Average efficacy in base year is based on share of lumen hours. 
2) Share of lumen hours in base year calculated from efficacies and from data in Table A.10.3.12 
3) With current technology, CFLs replace 60 percent of non-residential incandescents, and HID lamps 10 percent. 
4) With advanced technology, CFL displace 80 percent of incandescents, and HID lamps 20 percent 
5) Remaining incandescents are high efficiency versions such as halogen infrared-reflecting bulbs 

(both in current and advanced technology case). 



Table A.10.3.21: Average lighting CCEs and EIFs for 1985-2020 

Residential 

Non-residential 

All sectors 

EIF EIF 
current advanced 

technology technology 

0.53 0.30 

0.21 0.10 

0.28 0.15 

CCE 
low 

Pf/kWh 

5.2 

2.2 

2.7 

CCE 
high 

Pf/kWh 

7.7 

3.3 

4.1 

1) All-sector EIFs and CCEs based on Tables A.10.3.14 and A.10.3.20, weighted by 
residential and non-residential electricity use as given in Table A.10.3.12. 

2) Growth assumptions for lighting services are addressed in Section J. 

3) CCE for current and advanced technology are assumed to be the same. 

4) High CCE is 150% of low CCE. 
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E. END-USE TECHNOLOGIES: ELECTRICAL APPLIANCES. 

l. RESIDENTIAL REFRIGERATORS AND FREEZERS 

Baseline data and trends 

The most important classes of refrigerator equipment are refrigerators and combination 
refrigerator/freezers. Among freezers, the two main product classes are upright freezers 
and chest freezers. 

Among refrigerators, a distinction is made between those without a frozen food 
compartment (0-star), and those with frozen food compartments, whose rating is indicated 
by one to three stars. Unlike combination refrigerators in the U.S., most European models 
are manual or semi-automatic defrost whereas virtually all U.S. models are of the "no 
frost" or automatic defrost type (Huang et al. 1994). 

Comparison of European and U.S. efficiency trends 

Over the period 1978-90, German manufacturers achieved significant improvements in 
energy efficiency, driven in part by a voluntary agreement between the manufacturers and 
the government that ran from 1980 to 1985. Relative to the 1970 base year, unit energy 
consumption (UEC) for refrigerators was cut by 38 percent, that for upright freezers by 56 
percent, and for chest freezers by 48 percent (ZVEI1992). Average improvements for the 
EC-5 region were significantly smaller than those realized in the FRG. 

Refrigeration energy efficiency has improved more rapidly and by significantly greater 
margins in the USA than in Germany or Europe, driven by legal minimum efficiency 
standards and utility-sponsored market transformation programs. Notably, federal 
standards must by law be based on the maximum economically justified improvement, not 
just some level of improvement that meets cost-effectiveness criteria. 

Between 1972 and 1992, the average refrigerator UEC fell by 38 percent in the FRG, but 
by 55 percent in the U.S. By 1998, updated standards in the U.S. will have eliminated 72 
percent of base year consumption. For the same 1997-1998 time horizon, the European 
Commission foresees standards that would improve average UECs by only 10 percent 
below the 1992 baseline. 

To make symmetrical comparisons, it is necessary to account for differences in test 
procedures. The larger U.S. units facilitate efficiency improvements on account of their 
lower surface to volume ratio. Also, most U.S. units are no-frost refrigerator-freezer 
combinations, whereas only about a quarter of European refrigerators are of this type. 
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An approximate volume- and test-adjusted calculation for frost-free combination 
refrigerator freezers (Krause 1994) shows that by 1989, U.S. refrigerator-freezers had just 
about caught up with European efficiency levels on an adjusted per volume basis. Since 
then, large further strides have been made in the U.S. By 1998, the average new U.S. 
equipment will be twice as efficient as European frost-free equipment. 

Growth 

We estimate that within the EC-5, combination refrigerator-freezers had a saturation of 
about 35 percent in 1985, compared to about 65 percent for refrigerators. Data for 1990/91 
show that 48 percent of households had combinations, compared to 54 percent for 
refrigerators, for a total penetration of 102 percent (GEA 1993). 

We assume that the combined saturation limit for refrigerators and refrigerator/freezers is 
1.1 units per household. This figure is only slightly below saturation levels of 1.2 found 
in the U.S., where larger homes and a greater predominance of single-family homes 
encourage multiple ownership. Our growth factor for the combined saturation is thus 
1.1/1.02 = 1.078. However, we also allow for an increase in the average size of 
refrigerators, and for a greater penetration of combination units. Our weighted average 
growth factor for energy services (ESF) that is to take account of these changes is 1.25. 

The average saturation of freezers was 46 percent in 1990/91. This average reflects 
countries with a higher than average saturation of combination refrigerator/freezers (Italy 
and the UK), and countries with a higher than average saturation of freezers (Germany). 
We assume that the average saturation will rise to 60 percent by the year 2020. No change 
in freezer size is anticipated. 

Current and advanced technology 

We analyze the following appliances: zero-star refrigerators (no frozen food compartment), 
three-star refrigerator (full frozen food compartment), four-star refrigerator-freezer 
(combination appliance), upright freezer, and chest freezer. In the case of refrigerators, we 
focus on free-standing units. 

Existing stocks and average sales 

Historic unit energy consumptions and figures for current sales are shown in Table 
A. 10.3.22. Refrigerators sold in 1992 used about a third less energy than existing stocks 
in our 1985 base year. In the case of freezers, new units in 1992 are more than 50 percent 
better than existing stocks. 

Best units on the market 

There is a very wide spread in efficiencies among currently commercial refrigerators, with 
unit energy consumptions (UECs) differing by as much as a factor of 3-5 in some 
categories (HMUEB 1993). Best units on the market are 30-50 percent better than average 
sales in 1992, and offer even greater savings when compared to existing stocks in the 1985 
base year. 
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Table A.10.3.22: Energy efficiency in European residential refrigerators 

Refrigerators 
0-star (180 litre free-standing) 

EIF 
extra cost rel. to 1991/93 market ave. 

average CCE rel. to 1991/93base-yr 
marginal CCE best-adv. 

3-star (150 litre free-standing) 
EIF 

extra cost rel. to 1991/93 market ave. 
average CCE rel. to 1991/93base-yr 

marginal CCE best-adv. 

4-star combi, manual defrost (170/901) 
EIF 

extra cost rel. to 1991/93 market ave. 
average CCE rel. to 1991/93base-yr 

marginal CCE best-adv. 

Freezers 
up-right freezer (170 litre) 

EIF 
extra cost rel. to 1991/93 market ave. 

average CCE rel. to 1991/93base-yr 
marginal CCE best-adv. 

chest freezer (300 hire) 

EIF 
extra cost rel. to 1991/93 market ave. 

average CCE rel. to 1991/93base-yr 
marginal CCE best-adv. 

Units 

kWh/yr 

DM 
Pf/kWh 
Pf/kWh 

kWh/yr 

DM 
Pf/kWh 
Pf/kWh 

kWh/yr 

DM 
Pf/kWh 
Pf/kWh 

kWh/yr 

DM 
Pf/kWh 
Pf/kWh 

kWh/yr 

DM 
Pf/kWh 
Pf/kWh 

Existing 
stocks 

1985/88 

460 
1.00 

550 
1.00 

850 
1.00 

1050 
1.00 

940 
1.00 

and freezers 

Technology level 
Market/ 
sales ave 
1985/88 

335 
0.73 

394 
0.72 

708 
0.83 

111 
0.74 

564 
0.60 

Market/ 
sales ave 
1991/93 

300 
0.65 

0 

370 
0.67 

590 
0.69 

440 
0.42 

460 
0.49 

Market/ 
best 
1993 

96 
0.21 

70 
3.9 

215 
0.39 

80 
5.8 

295 
0.35 

180 
5.6 

246 
0.23 

80 
3.8 

260 
0.28 

100 
4.6 

Prototype/ 
advanced 

1998+ 

75 
0.16 

100 
8.5 
53.9 

130 
0.24 

100 
8.5 
13.3 

150 
0.18 

200 
8.0 
12.7 

156 
0.15 
100 
5.9 
10.2 

182 
0.19 

120 
13 
\A2 

(1) 1991/93 consumption of average sold unit from GEA (1993) and ZVEI (1992). 
(2) 1993 market best from HMUEB (1993), based on FRG market. 
(3) Extra cost of best equipment based on 50 percent of estimates in GEA (1993), see Section B. 
(4) Extra cost of advanced technology based on N0rgard (1989). Gluckman (1990), Turiel et al. (1994). 
(5) Average life of 12 years for 0-star and 3-star units, 16 years for other units. Real discount rate is 5 percent 
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Advanced technologies 

An important advancement currently being implemented is the elimination of 
chlorofluorocarbons from the refrigeration system. A number of measures that can be 
considered for the next generation of efficiency improvements are analyzed in N0rgard 
(1989), Goldstein et al. (1990), Gluckman et al. (1990), and the work for the U.S. 
Department of Energy by Turiel et al. (1994). These studies show that the energy 
consumption of best currently commercial refrigerators and freezers could again be cut in 
half. Key technologies are improved gaskets, high-efficiency compressors of small size, 
variable speed compressor motors, fan-assisted compressors and evaporators for freezers, 
improved fan motors, external condensers or heat pipes, and vacuum insulation panels. 

The report from the UK March Consulting Group (Gluckman et al. 1990) finds that the 
electricity consumption of a new 200 liter upright freezer can be reduced by 86% from the 
UK baseline level of 760 kWh, and that of a new 140 liter refrigerator with ice-box by 80% 
relative to a baseline of 350 kWh. 

N0rgard (1989) analyzes remaining efficiency potentials in best commercial 0-star 
refrigerators and chest freezers. He finds that both can be improved by significant 
margins, to about 12-20% of the consumption of the present stock (EIF 0.12-0.20). The 
refrigerator could be improved to this standard by two quite different design changes, only 
one of which was assumed, but both of which are compatible; namely, an external 
condenser or heat-pipe and a better motor and rotary compressor. Calculation indicates that 
if both were applied, the EIF would improve to 0.06. 

By combining a small upright freezer of advanced specification with N0rgard's proposed 
refrigerator, keeping the two-compressor arrangement, a very energy-efficient refrigerator-
freezer can be built. With a volume of 180 litters at 5°C plus 70 litters at -18°C, which is 
typical of European appliances, it would consume little more than 100 kWh/year. 

Along similar lines, Goldstein et al. (1990) show that a 510 liter U.S. combination 
refrigerator-freezer with auto-defrost could achieve a UEC as low as about 190 kWh in the 
U.S. test In the European test, this 510 liter appliance might use about 150 kWh/year - far 
ahead of any new refrigerator-freezer in Europe. 

Consumer utility 

Contrary to predictions, the imposition of mandatory efficiency standards in the U.S. in 
1990 did not lead to a contraction of model choices for consumers. Instead, the number of 
models offered by manufacturers further expanded (AHAM 1993), and real prices slightly 
declined. 

More efficient refrigerators and freezers offer better protection against food spoilage during 
power outages. Manufacturers have also been successful in avoiding other potential 
problems, such as increased noise or reduced reliability. 

One issue that is being resolved through advanced technology is the conflict between 
increased space requirements of current cabinet insulation technology and the standardized 
design specifications of kitchen furniture manufacturers. Refrigerators built for these pre
designed kitchen systems may not allow an increase in insulation thickness without a loss 
of interior volume. About one quarter of all refrigerators are bought as part of such 
systems. Advanced vacuum panel insulation (VPI) technology, which has recently been 
introduced into new U.S. and European models, will eventually overcome this handicap. 
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Economics 

Current pricing patterns 

As pointed out in Section A above, little or no correlation exists between price and energy 
efficiency in the UK market (Gluckman et al. 1990), and the same is found for the FRG 
(EBOK1988) and for Denmark and Sweden (Olivier 1989). Indeed, at the 'bottom' of the 
UK market, the correlation if any is negative, because the very low-priced imports from 
eastern Europe and the USSR are more energy-efficient than indigenous UK models 
(Consumers' Association 1991). 

This pattern means that a certain range of reductions in UECs can be obtained at zero extra 
retail cost. But this does not necessarily mean that the best available units can be obtained 
under current market conditions at zero extra costs as well. Notably in the case of freezers 
and also in the case of refrigerators, manufacturers have segregated the most efficient 
appliances into a separate niche market product for which they use a high-mark-up pricing 
strategy aimed at efficiency-conscious consumers. 

Extra cost of best commercially available units under efficiency standards 

In accordance with our discussion in Section A, the following cost assessment ignores 
current market prices for these most efficient units, and relies instead on costs that can be 
expected if these levels of energy efficiency become the legal standard and/or are promoted 
through market transformation programs. 

To estimate extra first costs for this policy context, we start from engineering costs. On 
engineering grounds, there is some extra cost to appliances which go well beyond the 
energy efficiency of new EC-5 models, though this cost is difficult to separate from the 
inherent cost associated with greater quality and durability, as these features currently tend 
to be correlated. 

To estimate these costs, we start from the marginal costs given by the Group for Efficient 
Appliances (GEA 1993) which, starting from current average models, gives a step-by-step 
account of the costs for each additional efficiency measure needed to reach the performance 
of best models. As pointed out in Section B above, these cost figures employ a fixed, 
higher-than-average mark-up that manufacturers would like to charge if market conditions 
so allow. However, once efficiency features become the norm in the low-end mass 
market, these mark-ups will be reduced by first-cost oriented competition, as discussed in 
Section A above. 

For example, in the case of the 0-star appliance, N0rgard (1989) estimates that the market-
best 2001 Gram LER refrigerator costs about DM 45 extra to make, including the value of 
the extra building volume taken up. GEA (1993), meanwhile, estimates an extra cost of 
ECU 70 (DM 140) for lowering the UEC of a 0-star unit from the market-average of 300 
kWh to a UEC of 140 kWh. In accordance with this estimate, ARGE (1993) quotes a 
market price of DM 150 for a comparable unit in Germany. These estimates are about three 
times as high as N0rgard's. 

We estimate that with fierce price competition among energy-efficient models, the net extra 
retail costs of efficient appliances will only be about 50 percent higher than the 
manufacturer's extra costs. In the case of the 0-star refrigerator, mis results in an extra first 
cost of DM 45*1.5 = DM 68 (in real 1989 prices), or about half the cost indicated in GEA 
(1993). In the other cases analyzed here, we also use one half of the extra costs indicated 
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by GEA (1993). As discussed in Section A, this 50-percent downward adjustment is 
conservative when compared to the 3-6.5-fold differentiation in mark-ups that 
manufacturers currently use between the high end of the market and the low end. 

The resulting marginal costs (in 1989 DM, 1DM = 0.5 ECU) and costs of conserved 
energy relative to average 1992 sales are given in Table A. 10.3.22. In round numbers, 
CCEs are 4-6 Pf/kW for refrigerators, and 4-5 Pf/kWh for freezers. 

Comparison with U.S. estimates 

There has been more detailed work in the USA on the cost of highly energy-efficient 
appliances, due in part to the existence of minimum energy efficiency standards, which the 
Dept of Energy is required to revise regularly. The law requires for each update that all 
further improvements are added that are 'technically feasible and economically justified'. 
Lawrence Berkeley Laboratory (LBL) is in charge of conducting the technical analysis for 
these assessments. 

For example, LBL's 1988 analysis (US DOE, 1988) found that the consumption of an 
auto-defrost 510 liter refrigerator-freezer could be reduced from 947 to 515 kWh/year. (The 
947 kWh/year applied under the then standard). With a 2-fold mark-up of manufacturer's 
costs, the marginal cost was DM 300, giving a CCE of 6 Pf/kWh. Under the European 
test, which more accurately represents the consumption in the field, the appliance would 
probably use about 20% less; i.e., 750 and 410 kWh/year respectively. The CCE would be 
about 7 Pf/kWh. Adjusting for a 50 percent mark-up instead of the 100 percent mark-up 
used in the U.S. analysis, the CCE becomes about 5 Pf/kWh. 

The U.S. estimates of extra costs have proven high in practice. Despite the imposition of 
mandatory efficiency standards in 1989, real refrigerator prices declined from 1986 to 
1991, and nominal prices remained constant (AHAM 1993). This observation adds further 
empirical support for our assumption that the mark-ups that should be applied to estimated 
manufacturer costs in an efficiency-regulated market are lower than assumed in "official" 
U.S. and European cost analyses. 

Extra costs of advanced efficiency levels 

Estimates of the costs to manufacturers of components used in advanced designs - better 
gaskets, high efficiency compressors of small capacity, variable speed compressor drives, 
efficient fan motors, and vacuum panel insulation (VPI) - are discussed in Turiel et al. 
(1994). We add a 50 percent mark-up to these figures and then estimate the cost of going 
from best commercial technology to die advanced level. 

Our estimates are shown in Table A 10.3.22. The CCEs for going from current average 
sales to advanced appliances are about 8 Pf/kWh for refrigerators, and about 6-7 Pf/kWh 
for freezers. The marginal costs of going from best units to advanced technology are 
significantly higher, ranging from 10-14 Pf/kWh.26 The same order of magnitude was 
obtained by Goldstein et al. (1990) for advanced U.S. designs. 

2 6 An outlier of minor statistical weight is die marginal CCE for the class of small, no-frills zero-star 
refrigerators, which is more than 50 Pf/kWh (see Table A.10.3.22). 
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It should be noted that a significant portion of the performance of advanced designs can be 
achieved without technological leaps such as VPI technology. Certainly, better gaskets and 
fan motors or the use of larger or fan-assisted evaporators are not exactly advanced 
technology. They are incremental design improvements based on state-of-the-art 
component technology.27 

Summary 

For commercially available technology, we assume an EIF of 0.3 for refrigerators, which 
includes fridge-freezers, and 0.25 for freezers. The respective central values for the CCE 
are5and4Pf/kWh. 

For advanced technology, we assume EIFs of 0.20 for refrigeration and 0.18 for freezers. 
The central CCE's are 8 and 7 Pf/kWh respectively. 

2. WASHING MACHINES 

Baseline data and trends 

There are major differences between the USA and Europe. Horizontal axis machines have 
a 75 percent market share in Europe, but vertical axis units predominate in North America. 
Top-loaders are significant, however, in France (GEA 1994). 

Frequency of use varies by country. In a two-person household, washers may be used 
two to five times per week, and six to eleven times in a five person household. The 
average in the EU is 4.6 cycles per week. The temperature distribution of wash cycles is as 
follows: 47 percent at 30-40°C, 37 percent at 50-60°C, and 15 percent at 70-90°C (GEA 
1994). 

Changing consumer behavior 

The share of hot wash cycles has been declining. Table A. 10.3.23 shows the cycle 
distribution for 1985 as reported for Germany at that time, and the average cycle 
distribution in 1992 as given from Europe-wide surveys in GEA (1994). Without the 
changed composition of wash cycles, the average consumption per wash would have 
declined from 1.9 kWh for new sales in 1985 to 1.5 kWh in 1991/93, instead of 1.1 kWh. 
Behavioral change thus appears to have led to a 20 percent energy saving in mat period. 

2 7 Goldstein et al, 1990 estimated that the consumption of a 510 litre refrigerator-freezer could be reduced 
to 188 kWh/year under U.S. test conditions, at a marginal CCE of 11 Pf/kWh above the 1993 standard. 
Under European test conditions, the CCE would probably be about 13 Pf/kWh. 
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Table A.10.3.23: Energy savings potential in washing machines 

Wash needs per person 
Number of cycles/yr 

2-person household 
4-person household 

Share of cycles by temperature 
95degC 
60degC 
30degC 

Energy consumption/cycle 
Hot wash (90°Q cons, per unit weight 

Cycle consumption 90 deg C 
60degC 
30 deg C 
weighted 

Annual energy use 
2-person household 
4-person household 

Energy intensity factor 

Dryer Interactions 
Average spin speed 
Energy use for drying 

2-person household 
4-person household 

Washer plus dryer energy use 
2-person household 
4-person household 

Energy intensity factor 

Marginal first cost 
For higher spin speed 

For other improvements 

CCE (ave. rel. to base-yr) 
w.o. dryer credit 

2-person household 
4-person household 

w. dryer credit 
2-person household 
4-person household 

Units 

kg/person/yr 

fraction 
fraction 
fraction 

kWh/kg 
kWh/cycle 
kWh/cycle 
kWh/cycle 
kWh/cycle 

kWh/yr 
kWh/yr 

EIF 

rpm 

kWh/yr 
kWh/yr 

kWh/yr 
kWh/yr 

EIF 

Existing 
stocks 

1985/88 

466 

191 
383 

0.33 
0.47 
0.20 

0.81 
4.0 
2.6 
0.9 
2.7 

517 
1035 
7.00 

600 

746 
1493 

1264 
2528 
1.00 

Technology level 

Market/ 
sales ave 
1985/88 

466 

191 
383 

0.33 
0.47 
0.20 

0.56 
2.8 
1.8 
0.7 
1.9 

359 
719 

0.69 

750 

646 
1292 

1005 
2010 
0.80 

Market/ 
sales ave 
1991/93 

466 

191 
383 

0.15 
0.38 
0.47 

0.45 
2.2 
1.4 
0.5 
1.1 

214 
428 

0.41 
1.00 

850 

588 
1177 

802 
1605 
0.63 
1.00 

Market/ 
best 
1993 

466 

191 
383 

0.15 
0.38 
0.47 

0.30 
1.5 
0.9 
0.5 
0.8 

147 
293 

0.28 
0.69 

1600 

392 
785 

539 
1078 
0.43 
0.67 

0 
60 

6.2 
2.6 

1.6 
0.7 

Prototype/ 
advanced 

1998+ 

466 

191 
383 

0.15 
0.38 
0.47 

0.20 
0.95 
0.56 
0.31 
0.50 

96 
192 

0.19 
0.45 

1600 

392 
785 

488 
976 

0.39 
0.61 

0 
83 

10.3 
4.9 

3.9 
1.8 

1) Energy consumption per cycle includes motor energy. 
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Evidentiy no loss in utility has resulted from the lower average wash temperatures, and 
further reductions in hot wash cycles are plausible. In the U.S., where washing machines 
are commonly hooked up to the warm water supply in the home, the "cook wash" (95°C 
cycle) is not used at all. The observed European trend is in the same direction, and would 
certainly be accelerated if machines fitted for hot and cold water supply became widely 
available. Such a development could be supported by making dual cold and hot water 
plumbing for washing machines a building code requirement in residential homes. 

Growth 

The penetration level of washing machines is high in Europe's households, ranging from 
67 percent for Denmark to 96 percent for Holland. The lower ownership levels in 
Northern Europe are due to the availability of common laundry facilities in apartment 
blocks. 

We assume that the average saturation limit for washing machines in EC-5 households is 
95 percent, and that this limit will be universally realized by 2020. 

Current and advanced efficiency technologies 

Existing stocks and average new sales 

Washing appliances differ widely in their electricity and water use. The dominant energy 
term is for the heating of water. There is a significant variation between the EC-5 countries 
in consumption, owing to different user habits. The UK is the lowest because washing is 
done in heterogeneous loads, and Germany is the highest (Gluckman 1990). 

Over time, there has been a great improvement without increasing the cost of machines. 
The average automatic washing machine sold in Denmark in 1988 used 55% less electricity 
than in 1973 (Norgard 1989). The same improvement is reported for the 1970-1992 period 
in the FRG (ARGE 1993). 

In 1992/93, new machines in Germany had a typical UEC of 2 kWh per load in the hot 
wash cycle (90°C), or 0.4 kWh per kg of wash load (ARGE 1993), compared to an 
average consumption of new sales in the European Community as a whole of 0.44 kWh/kg 
(GEA 1994). Table A. 10.3.23 shows the resulting annual UECs for 2-person and 4-
person households. For 1991/1993 sales, our figures include the shift to lower average 
wash temperatures that has occurred. 

Best new commercial units 

Current models on the market consume anywhere from 0.25 kWh to 0.7 kWh per kg of 
wash in the 90°C cycle (GEA 1994). Best new models use the jet system to minimize both 
water and detergent use during part-load operation. The benefit of this system does not 
show up in standard tests, which are based on full loads, but consumers frequently wash 
partial loads. Based on estimates by N0rgard (1989), UECs are reduced by 31 percent 
relative to average new sales in 1992. Best machines also have higher spin speeds, which 
saves additional energy if a dryer is used. If drying energy is included, the combined 
washer plus dryer UEC drops by 33 percent relative to average new sales (EIF 0.67). 

When the unit is equipped for use with a non-electrically heated water supply (60° C), the 
majority of electrical energy use is replaced by fuel in the water heating boiler. Electricity 
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savings are about 60 percent on account of this switch, equivalent to an EIF of 0.28 for 
electricity use. Larger non-electric water heating loads elsewhere must be taken into 
account 

Advanced technology 

A number of straightforward improvements remain to be fully exploited. These are the 
reduction of dead space in the wash water drum, better thermal insulation of the unit, and 
more efficient motors, including induction motors with ASD's or new types of permanent 
magnet DC motor. Drive power requirements could be reduced by 30 percent on account 
of such measures (N0rgard 1989). 

Spin speeds could be further raised from 1600 to 3000 rpm, but apart from wrinkle 
problems with some types of clothes when spun very fast, the cost of this further increase 
appears to be high. In machines hooked up to an external warm water supply, controls to 
flush the pipes out with hot water before starting to fill the machine would reduce electricity 
consumption for the cycle. 

Two promising advanced technologies are microprocessor controls using fuzzy logic, and 
bubble action washing processes. Automatic fill controls alone saved 20 percent in recent 
European and U.S. tests. Fuzzy logic controls detect the size, type, and dirtiness of a load 
of clothes, and then match the amount of water, detergent, the wash temperature, and the 
spin speed precisely to the requirements of the load (Turiel et al. 1994). A few 
manufacturers in Germany, Japan, and the U.S. have introduced models based on this 
technology. We estimate savings of 25 percent over best models on the market 

Bubble action washers have no mechanical agitator. A computer-controlled pulsator creates 
swirling motion in the detergent liquid. A new spin extraction technology is used. Savings 
are estimated to be 27 percent (Turiel et al. 1994). We assume only half of this 
improvement (13 percent) as an incremental gain beyond a washer that already has an active 
spraying system. 

Newer detergents which can dissolve fat in cold water offer potential additional savings. 
The consensus in Europe is that cold water detergents cannot yet achieve the same washing 
timje or quality as hot washes. A longer cycle time and an occasional soak in chlorine bleach 
are needed. For such long cycles, a more robust design of washing machine than European 
front-loaders may also be needed. 

Combining savings in motors, controls, and new processes yields an estimated combined 
improvement of 56 percent relative to best current technology (EIF 0.44), or an EIF of 0.3 
relative to average sales and an EIF of 0.12 relative to existing stocks. 

Economics 

Extra first costs 

Washing machine prices show virtually no correlation with energy efficiency, but spin 
speed, which is correlated with program selections and other convenience features, has a 
strong influence on first cost. The extra cost for higher spin speed is reported as 67 ECU 
per 100 rpm above 1100 rpm (GEA 1994). However, this extra cost is attributable to an 
increase in consumer utility on account of shorter drying times and easier handling of moist 
clothes. Also, other quality features are incorporated into high-speed spinning machines. 
We therefore assume no extra energy-efficiency related cost for the high-speed spin feature. 
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We do, however, add an extra cost for the active spraying system and associated 
recirculating pump of the jet system design of best models. Based on the retail figures 
given in GEA (1994) and the same 50 percent discounting of estimated fixed-mark-up retail 
costs as in the case of our refrigerator calculations, an extra cost of DM 60 is assigned to 
these features. 

For advanced technology, costs to the manufacturer can be derived in the same manner 
from estimates given in Turiel et al. (1994) for fuzzy logic controls (DM 83) and bubble 
action designs (DM 100). Efficient small motor drives add a small cost when mass-
produced. Since the bubble action design essentially replaces the jet system used in the 
best current technology, we do not add any extra charge for it. Our total marginal first cost 
estimate is 100 DM. 

Costs of conserved energy 

The figures shown in Table A. 10.3.23 can be weighted to yield a figure for the average 
2.5-person household. On that basis, the cost of conserved energy is about 4.9 Pf/kWh 
for best commercial technology, and about 8.2 Pf/kWh for going from the efficiency of 
current average sales to advanced technology. 

In those cases where an electric dryer is used (13 percent of EC-5 households in the 1985 
base year and 22 percent in 1992, assumed 25 percent in the future), substantially lower 
CCEs apply: about 1.3 Pf/kWh and 3.1 Pf/kWh, respectively. 

Summary 

Relative to the 1985 base year, we assume an EIF of 0.55 for best currently commercial 
technology and of 0.28 for advanced technology, respectively. Our weighted average 
CCE's including credits for dryer savings from higher spin speeds are 2.2 Pf/kWh and 4.4 
Pf/kWh. 

3. DISHWASHERS: 

Baseline data and trends 

About 80 percent of European dishwashers are full-sized models that wash 12-14 table 
sets. The average frequency of use is four cycles per week. In choosing cycle programs 
and temperature, most consumers use the normal program. Low temperature cycles (50-
60°C) are used 42 percent of the time, and high temperature cycles (65-75°C) 58 percent of 
the time (GEA 1994). 

Growth 

The penetration of dishwashers varies from about 10 percent in Spain to about 40 percent 
in Sweden. In 1985, the EC-5 average was 15 percent. In 1993, the EC average was 31 
percent. 

We assume that by 2020, the average saturation level in EC-5 households will have risen to 
50 percent 
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Current and advanced technology 

Because the processes are similar, the potential for energy efficiency in dishwashers is in 
principle fairly similar to washing machines. Key areas for improvement are reduced 
redeposition of food particles through better filtering mechanisms, internal heat 
recuperation, and reduction of water consumption. 

Currently commercial technology 

Between 1975 and 1985, average energy requirements in European dishwashers have 
dropped from 2.8 kWh per cycle to 1.9 kWh per cycle, and have reached 1.6 kWh (1.333 
kWh/setting) since in full-sized machines (ARGE 1993). Average values for the European 
Union are 0.141 kWh/setting for standard sized units, and 0.156 kWh/setting for small size 
dishwashers that represent about 20 percent of the market (GEA 1994). The weighted 
average is 0.144 kWh/setting, or 360 kWh per year (Table A. 10.3.24). 

Models currently on the market show a 1:3 range in energy consumption. Per table setting, 
best models on the German market require 0.100 kWh/setting, or 25 percent less than 
average new sales in that country (HMUEB 1993). Compared to existing stocks in the 
base year, the EIF is 0.43. 

Models are now commercially available with mixed hot and cold fill; hot for the wash, cold 
for the initial rinses. These reduce electricity use considerably even when compared to best 
units with internal heat recovery systems, though they still use electric heating on some 
wash cycles. 

Advanced technology 

Advanced technology assumes further improvements in food filter systems, spray arm 
geometry, water fill control, and sump geometry, as well as more efficient electric motor 
drives, with all items washed at 55°C maximum instead of 70°C. We estimate a further 
saving of 40 percent resulting in a consumption of 0.600 kWh/setting, and an EIF relative 
to existing stocks in the base year of 0.26. 

Consumer utility 

The key issue for consumers is to get dishes perfectly clean on the first run. The 
improvements considered here present no conflict with this goal. 

Cold water detergents, if they can be made environmentally acceptable, and cleaning by 
ultrasonic vibrations could reduce consumption further, but have not been assumed in our 
analysis on account of uncertainty about their effectiveness. 

Economics 

Current dishwasher prices show no statistical correlation with energy efficiency (EBOK 
1988). Consequently, we assume a zero net extra cost over average sales. For advanced 
units, N0rgard (1989) estimates manufacturer costs of $ 25 in 1988 U.S. dollars. We rely 
also on additional costs given in GEA (1994), corrected for the same 50 percent mark-up as 
in our other appliance analyses. Our estimated extra retail cost becomes DM 100. The cost 
of conserved energy is 4.9 Pf/kWh. 
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Table A. 10.3.24: Energy savings potential in European dishwashers 

Average table settings per load 

Number of cycles/yr 

Share of cycles by temperature 

65-75 deg C 

50-60 deg C 

Energy consumption/table setting 

Annual energy use 

Energy intensity factor 

Cost of conserved electricity 

Ave CCE relative to 1991/93 sales 

Marginal CCE best-advanced 

Units 

fraction 

fraction 

kWh/sett. 

kWh/yr 

EIF 

DM 

Pf/kWh 

PfZkWh 

Existing 
stocks 

1985/88 

11 

208 

0.58 

0.42 

0.250 

582 

1.00 

Technology level 

Market/ 
sales ave 
1985/88 

11 

208 

0.58 

0.42 

0.179 

416 

0.71 

Market/ 
sales ave 
1991/93 

11 

208 

0.58 

0.42 

0.144 

335 

0.58 

1.00 

Market/ 
best 
1993 

11 

208 

0.58 

0.42 

0.108 

252 

0.43 

0.75 

0 

0.0 

Prototype/ 
advanced 

1998+ 

11 

208 

0.00 

1.00 

0.060 

140 

0.24 

0.42 

100 

4.9 

8.6 

(1) Purchasing power parity 1 DM = 0.5 ECU = 0.5 U.S. $. 
(2) Average life of dishwasher is 15 years, real discount rate is 5 percent 
(3) Hot water is assumed to be electrically heated, as standard in current European dishwashers. 
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4. CLOTHES DRYING 

Baseline data and trends 

Standard dryers are tumble dryers that are either vented to the outside or condense moisture 
and return the air to the dwelling. Combined washer/dryers are showing increasing but still 
limited market share. They are generally less energy-efficient than stand-alone units. In 
Northern European countries, cabinet dryers are popular. These use a fan blowing cold or 
warm air onto clothes hung in a cabinet. Drying times are longer, but energy consumption 
is much lower. 

The ratio of dryer cycles to wash cycles is 0.75, which yields an average of 3.4 cycles per 
week. We estimate that the average load per dryer cycle is 20 percent smaller than the 
average wash load. 

In the period from 1977-1985, the average energy consumption of air-vented electric 
clothes dryers declined from 4.3 to 3.3 kWh per 5 kg load of cotton (ARGE 1993). These 
figures are based on test loads that have been spun at 800 rpm and have a 70 percent 
moisture content. Values for condensing models are about 10 percent higher, but these 
models have a more significant space heating benefit. 

Growth 

The penetration level of dryers varies from as little as 5 percent in Portugal to as much as 
50 percent in the UK. In the EC-5 region, saturation was 13 percent on average in 1985. 
For 1993, an EU-wide saturation of 22 percent is reported (GEA 1994). 

We assume that a saturation level of 50 percent is an upper limit for this appliance, and that 
this saturation will be realized in 2020. The total number of drying cycles per year is 
assumed to remain constant 

Current and advanced technology 

Conventional tumble dryers can be made more energy-efficient by: higher washing 
machine spin speeds to reduce the residual moisture content of the clothes; improved 
moisture sensors to reduce overdrying; insulation of the drying cabinet; and by the use of 
gas-fired dryers in buildings where mains gas is available, or in which LPG can be used. 

The motors of dryers can be vastly improved in efficiency; those in European clothes 
dryers are only 40% efficient, whereas the fullest UK study of the subject (Gluckman 
1990) considered that 60% is feasible. 

The distribution of UECs among commercial models is more narrow for dryers than for 
dishwashers and washing machines. Best new models in the German market consume 
about 15 percent less electricity than standard models, equivalent to an EIF of 0.85 relative 
to average new sales in 1993, and of 0.63 compared to existing stocks in the 1985 base 
year (Table A. 10.3.25a). 
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Table A.10.3.25a: Energy savings potential in clothes dryers 

Number of cycles/yr 

Energy consumption 

Annual energy use 

Energy intensity factor 

Cost of conserved electricity 

Extra cost rel. to 1991/93 ave sales 

Ave CCE relative to 1991/93 sales 

Marginal CCE best-advanced 

Units 

cycles/yr 

kg/cycle 

kWh/kg 

kWh/yr 

EIF 

DM 

Pf/kWh 

Pf/kWh 

Existing 
stocks 

1985/88 

179 

4 

0.860 

617 

1.00 

Technology level 

Market/ 
sales ave 
1985/88 

179 

4 

0.680 

488 

0.79 

Market/ 
sales ave 
1991/93 

179 

4 

0.640 

459 

0.74 

1.00 

Market/ 
best 
1993 

179 

4 

0.540 

388 

0.63 

0.84 

30 

4.0 

Prototype/ 
advanced 

1998+ 

179 

4 

0.189 

161 

0.26 

0.35 

270 

8.7 

11.5 

(1) Purchasing power parity 1 DM = 0.5 ECU = 0.5 U.S. $. 
(2) Average life of dryer is 15 years, 5 percent real discount rate. 
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Advanced technologies that have reached the prototype stage are heat pump dryers and 
microwave dryers. Of these two, the former promise significandy larger energy savings of 
about 65 percent relative to standard new equipment Compared to existing stocks in the 
base year, the EIF is 0.26. 

In 'zero-energy' homes which have a mechanical ventilation and heat recovery system (see 
Part 5 of the IPSEP study), it is possible to have a clothes drying and storage cabinet along 
the lines of current Scandinavian practice, but built into the home rather than as a separate 
electrical appliance. Such a cabinet would eliminate most of the electricity use of standard 
dryers. For most of the year, very energy-efficient buildings have a heat surplus anyway, 
and at other times the building's space heating system supplies any extra heat needed for 
water removal. The amount of extra heat needed should be minimal, since the air-to-air 
heat exchanger of very energy-efficient homes recovers latent heat 

Even if this type of drying cabinet is equipped with a separate fan for faster drying, its 
electricity use would be only of the order of 0.17-0.20 kWh/kg of cotton load (31-37 
percent of best current technology, and comparable to a heat pump dryer), based on data 
for commercially available cabinet dryers. 

Consumer utility 

Most improved dryers have no negative impacts on consumer utility. They offer the same 
drying times while also offering several amenity benefits. Electronic controls that prevent 
overdrying thereby also help protect clothes. Reverse action tumble dryers are claimed to 
reduce the subsequent energy demand for ironing. Drying cabinets have principally less 
risk of damaging or overheating the clothes, and reduce laundry-related chores if clothes 
drying is combined with storage. However, they do impose longer drying times. 

Economics 

Regression analyses for the German market (EBOK 1988) showed some correlation 
between energy efficiency and dryer retail price. Following Ebel (1989), we assume an 
extra retail cost of DM 30 for best commercially available technology. For advanced units, 
we adopt cost estimates for heat pump dryers as given in Turiel et al. (1994). 

With these assumptions, the average cost of conserved energy for moving from average to 
best commercial technology is 4 Pf/kWh, and 8.7 Pf/kWh for advanced technology (Table 
A. 10.3.25a). 

Table A. 10.3.25b shows the cost of conserved energy when washer/dryer interactions are 
taken into account (see also Table A. 10.3.23 above). 
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Table A.10.3.25b: Energy savings potential in clothes dryers incl. washer interactions 

Number of cycles/yr 

Washer/dryer Interactions 

Average spin speed 

Remaining moisture content 

Specific drying energy requirements 

Dryer efficiency improvements 

Annual energy use 

Energy intensity factor 

Cost of conserved electricity 

Extra cost rel. to 1991/93 ave sales 

Ave CCE relative to 1991/93 sales 

Marginal CCE best-advanced 

Units 

cycles/yr 

kg/cycle 

rpm 

fraction 

kWh/kg 

index 

kWh/yr 

EIF 

DM 

Pf/kWh 

Pf/kWh 

Existing 
stocks 

1985/88 

179 

4 

600 

85% 

0.78 

1.00 

560 

1.00 

Technology level 

Market/ 
sales ave 
1985/88 

179 

4 

750 

73% 

0.68 

0.79 

383 

0.68 

Market/ 
sales ave 
1991/93 

179 

4 

850 

67% 

0.62 

0.74 

328 

0.59 

1.00 

Market/ 
best 
1993 

179 

4 

1600 

45% 

0.41 

0.63 

185 

0.33 

0.56 

30 

2.0 

Prototype/ 
advanced 

1998+ 

179 

4 

1600 

45% 

0.41 

0.26 

77 

0.14 

0.23 

270 

11.5 

24.1 

(1) Purchasing power parity 1 DM = 0.5 ECU = 0.5 US. $. 
(2) Average life of dryer is 15 years, 5 percent real discount rate. 
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5. CONSUMER ELECTRONICS 

Consumer electronics include a range of residential appliances that are forming two 
interlinked clusters: the home entertainment center (televisions, video equipment, radio and 
stereo systems, casette and CD-players, and in the near future, video and CD-ROM 
players), and the home office (personal computers, fax machines, computer printers, and 
small copiers), with increasing overlap between the two. 

Among home entertainment devices, televisions are dominant in terms of energy use. 
Video recorders have substantial power inputs of 20-25W when operating. Like other 
small plug-in loads, they draw standby power for their memories. We analyze TV and 
video recorders in combination. Radios, tuners, and other entertainment electronics are 
treated under miscellaneous appliances. 

In the home office, personal computers, fax machines, printers, and home copiers can all 
have significant annual electricity requirements, while peripherals and such devices as 
telephone answering machines, digital assistants, etc. are much smaller power consumers. 

Analysis of future efficiency potentials and of the cost of saved energy for most of this 
equipment is more difficult at this time, since a reasonably stable "business-as-usual" line 
of technological development or energy service growth is less discernible in these end-
uses. 

As a proxy for the potential for greater energy efficiency in home entertainment equipment, 
we discuss televisions. Efficiency potentials for office equipment are discussed in Section 
E.8 on commercial sector appliances below, and are applied to residential office equipment. 

Televisions 

Historic trends 

Over the last decade, existing stocks have been almost completely converted to color 
televisions, with only 2 percent black and white units. We estimate that about one third of 
households had video cassette recorders (VCRs) in 1985. These devices have proven 
hugely popular, and are one reason for the past growth in television operating hours. 

The switch to color TVs had important energy consequences. They require about three 
times as much electricity to operate as monochrome sets. Additional increases in power 
requirements came from remote controls and electronic tuning devices. These and the use 
of preprogrammed VCRs cause significant standby power requirements. The trend toward 
larger sets and better resolution has also increased power requirements. Finally, viewing 
hours have increased. 

These increases in performance, amenity, and utilization have been counteracted by 
technical improvements to reduce power requirements. 
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Growth 

In 1993, TV ownership per household was about 1.2 sets in Germany (ARGE 1993). In 
the U.S., it is projected that ownership of two sets will be the norm by 2000 (US DOE 
1993b). For Europe, we assume that an average ownership of 1.5 sets and 1.2 VCRs 
indicates the saturation level that wdl have been reached by 2020. 

In the future, higher requirements for the TV sound system, larger screens, and higher 
picture quality will also lead to a relative increase in electricity requirements. On the other 
hand, utilization of the second set may be less intensive than the first We account for these 
developments as a 33 percent increase in energy services, in addition to an increase to 1.5 
sets per household in the saturation of color TVs. Black and white TVs have already 
essentially vanished. In combination, we estimate a doubling of energy services for this 
end-use between 1985 and 2000 (see below). 

Efficiency options 

Televisions have improved, and are improving, in energy efficiency for reasons unrelated 
to energy prices (see the later discussion on computers). With the advance of electronics, 
cost is reduced, reliability is improved and electricity saving is a byproduct 

Table A. 10.3.26 shows developments in TV unit energy consumptions. The wattage of 
existing color TV stocks in German households has fallen by 52% (from 370W to 120W) 
between 1980 and 1990 (ARGE 1993), with similar trends in other EC countries. At 
present the 'best' color TV of a given size consumes about 60% of the average. 

A serious problem is that if a new TV is not physically unplugged, it may use more total 
electricity in the periods when it is 'off than periods when it is 'on'. The remote controls 
and other standby functions of TV's on the UK market, here taken to be typical of the EC-
5, vary about 20-fold in their electricity consumption, from 0.7 to 24 W, and consume an 
average of 8 W. Older TVs can consume some 150 kWh per year not being on. 

Whereas newer TV's of Far Eastern manufacture tend to consume less electricity during the 
hours of viewing than those of European origin, no such trend is obvious with 
consumption of the other components (Olivier 1990). At present, TV's in the EC-5 which 
are nominally off, but really still consuming power, probably take the output of a 500 MW 
power plant 

Much of this consumption can be eliminated, as demonstrated by the wide range of standby 
power requirements in currently commercial models. The equipment usually used to 
convert 220/240 V AC into low voltage DC for electronic tuners dissipates most of the 
incoming power in resistance heaters. This can be replaced by solid-state equipment. At 
present such more efficient equipment is only found in some large high-end products. 

Future UECs of TVs could fall by 70-80% with the full commercialization of color LCD 
screens, which are now used on some small-screen models. 
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Table A.10.3.26: Energy savings potential in television sets 

Operating hours 

Operating power input 

Standby power input 

Annual energy use 

Energy intensity factor 

Cost of conserved electricity 

Marginal retail cost 

Ave CCE relative to 1991/93 sales 

Units 

hours/day 

W 

W 

kWh/yr 

EIF 

DM 

Pf/kWh 

Existing 
stocks 

1985/88 

5.0 

150 

15 

378 

1.00 

Technology level 

Market/ 
sales ave 
1985/88 

5.0 

110 

10 

270 

0.71 

Market/ 
sales ave 
1991/93 

5.5 

70 

8 

195 

0.51 

1.00 

Market/ 
best 
1993 

5.5 

50 

2 

114 

0.30 

0.59 

35 

5.1 

Prototype/ 
advanced 

1998+ 

5.5 

21 

1 

49 

0.13 

025 

0 

2.8 

(1) Purchasing power parity 1 DM = 0.5 ECU = 0.5 U.S. $. 
(2) Average life of television set is 11.5 years. 
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Consumer utility 

The improvements listed above do not adversely affect consumer utility. The complete shut 
down of standby power, which is a further efficiency measure, was expressly excluded 
from our assessment because the consequent loss of amenity has been shown to be 
unattractive to consumers in manufacturer pilot tests. 

Economics 

In US DOE( 1993b), the retail cost of improving TV power supplies is estimated to be 
about $20, or about DM 35 in 1989 prices. Based on this extra first cost, the cost of 
conserved energy for best commercial TV sets is 5.1 Pf/kWh. 

The extra first cost of LCD screens is currently too high to make that technology penetrate 
the market. However, demands for higher resolution and for space-saving flat panel wall 
screens and projectors may eventually give this technology a market edge. If so, the extra 
first cost of these energy saving screens can arguably be entirely allocated to the improved 
consumer utility. In that case, the marginal cost of the energy savings is zero. Assuming, 
for the sake of simplicity, that the same extra first costs will be incurred for advanced LCD 
technology as for conventional sets with improved power supplies, the average CCE 
relative to equipment sold in 1991/93 is 2.8 Pf/kWh. 

Home office 

Table A. 10.3.27 shows the development of household use of personal computers (PCs), 
printers, and fax machines. We project that by 2020,75 percent of all households will be 
equipped with these devices, in part, because children will be using PCs for school work. 
The changes in energy-use intensities are discussed below in the section on commercial 
office equipment 

Because of the low saturation of personal computers in the 1985 base year, the growth 
factor for home office energy services is large: a roughly 27-fold increase. At present 
efficiency levels, total consumption per household and year would be about 240 kWh, 
equivalent to an additional major white goods appliance. The costs of more energy-
efficient office equipment are discussed in Section E.8 below. 

Summary: television and home office 

Table A 10.3.27 shows the weighted average growth factor and energy-use intensity for 
televisions, video recorders, and personal computers, printers, and faxes. A roughly five
fold growth can be expected for these end-uses. Without efficiency improvements beyond 
currently sold equipment (i.e., in the dynamic frozen efficiency case), energy requirements 
per household and year for these end-uses will grow 3.5-fold. If the full potential of 
efficiency improvements is utilized, energy requirements are returned to within 10 percent 
of the 1985 baseline. 
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Table A.10J.27: Development of energy-use intensities for consumer electronics 

Color TV 

Video recorder 

Subtotal 

Index (1985=1.0) 

PC plus monitor 

Printer 

Fax 

Subtotal 
home office 

Index 

Total 

Index (1985=1.0) 
Index (1991/93=1.0) 

UEC in 

1985 

kWh/yr 

378 

130 

152 

25 

Saturation 

1985 

#/hh 

0.58 

033 

0.0S 

0.05 

EUI in 

1985 

kWh/hh-yi 

220 

43 

263 

7.6 

1.2 

n-a. 

8.8 

1.00 

228 

1.00 

UEC in 

1991/93 

kWh/yr 

270 

130 

155 

37 

111 

Saturation 

1991/93 

#/hh 

0.98 

0.75 

0.1 

0.1 

0.05 

EUI in 

1991/93 

kWh/hh-yi 

264 

98 

362 

138 

15 

4 

6 

25 

2.80 

289 

1.27 

Saturation En. services 

2020 

#/hh 

1.5 

1.2 

0.75 

0.75 

0.75 

1993/2020 

ESF 

2.04 

113 

7.5 

7.5 

IS 

Energy efficiency improvements 

Dyn. frozen Bestcomml Advanced 

efficiency technology technology 

EIF EIF EIF 

0.72 0.42 0.18 

0.80 0.60 050 

058 037 0.21 

1.09 0.22 0.12 

1.00 1.00 033 

1.00 050 033 

1.10 0.44 024 

0.67 038 0.21 

Energy-use intensity in 2020 

Static frozen Dyn. frozen Best comml 

efficiency efficiency technology 

kWh/hh-yr kWh/hh-yr kWh/hh-yr 

754 388 227 

208 166 125 

962 554 352 

3.66 2.11 134 

114 126 25 

18 28 28 

83 83 41 

215 236 94 

24.4 26.9 10.7 

1177 791 446 

5.15 3.46 1SS 
1.00 056 

Advanced 

technology 

kWWhh-yr 

98 

104 

201 

0.77 

14 

9 

27 

51 

5.76 

252 

1.10 
032 

(1) Growth in energy services is product of growth in saturations and utilization intensity and/or amenity levels. 
(2) EIFs for color TV differ from Table A.103.26 on account of different baseline being used in dynamic frozen efficiency case (1991/93 = 1.00). 



6. MISCELLANEOUS SMALL APPLIANCES 

Baseline data and trends 

In the category of miscellaneous small appliances, we group the following devices: 

— coffee makers, deep fat fryers, separate hot plates, separate devices 
for boiling eggs, toasters, and other small kitchen appliances 

— vacuum cleaners, irons, hair dryers, curlers, electric blankets, etc. 

— do-it-yourself and gardening power tools, sewing machines, aquarium 
pumps, etc. 

— radios, stereo tuners, record, casette and CD-players, telephone 
answering machines, burglar alarms, etc. 

— elevators, water pumps, electric bells, intercoms, etc. 
Several other devices (video recorders, home computers, heating system circulation 
pumps, ventilators, small heaters) are covered in other sections. 

Growth 

The saturations and power requirements of these devices are not precisely known, though 
their cumulative connected load is significant Table A. 10.3.28 shows saturations, unit 
energy consumptions, and energy-use intensities per household based mainly on Dutch and 
also German utility data (Kemna et al. 1989, ARGE 1993). These figures are rough 
approximations when used for the EC-5 as a whole. Many small appliances have a close to 
100 percent saturation in the base year. 

We assume that significant growth will occur in the area of sound electronics, such as 
stereos, CD-players, etc. Though overall saturations are already high, more powerful 
speakers and more elaborate systems are expected as incomes rise. Some further growth is 
also to be expected in the use of specialized small cooking appliances, power tools, and 
other devices. As a further increase in amenity, vacuum cleaners are assumed to become 
more powerful. On the other hand, better fabrics and better washload drying cycles will 
reduce requirements for ironing. Overall, we project that energy services in these end-uses 
will increase by about 40 percent between 1985 and 2020. 

Efficiency options 

The penetration of small cooking devices can improve energy efficiency by displacing some 
use of stovetops and ovens at lower electricity input. The use of coffeemakers can cut 
energy requirements for heating the necessary water by 50 percent or more (ARGE 1993). 
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In terms of efficiency options, many small plug-in devices could benefit from redesign of 
DC power supplies, so that transformers are switched off when the "host' appliance is itself 
turned off. Such supplies are nearly always designed for the lowest possible first cost; for 
instance, by deliberately locating switches on the low-voltage side of the transformer, and 
no thought is given to the standby electricity consumption of the transformers. In the EC-
5, when hundreds of millions of them are added up, this waste of electricity alone 
probably consumes the output of at least a 1GW power station. 

A further efficiency improvement are higher quality small motors. As in the case of 
ventilators, hoods, and warm water circulating pumps, current motor efficiencies are very 
low. 

Energy intensity factors 

We assume that best commercial models are 10 percent more efficient than the average, and 
that with careful, low-cost redesigns and component improvements, a 30 percent saving 
could be obtained on average. 

Economics 

What improvements are cost-effective has to be determined on a case-by-case basis, but 
some order of magnitudes can be established. A saving of 30 percent represents of the 
order of 10 kWh per year in many small plug-in appliances. In order for such a saving to 
be cost-effective against a marginal delivered cost of residential electricity of 20 Pf/kWh, 
improvements of DM 8.70 would be worthwhile, assuming a five year life and a five 
percent real discount rate. 

This amount represents easily ten percent of the first cost of many of these small devices. 
Improving the DC power supply of small plug-in loads costs only about DM 4. 

We assume that savings from best commercial technology are available at no extra cost and 
that savings from product redesign and from better components will cost 10 Pf/kWh. 

Summary 

Table A. 10.3.28 shows the development of energy-use intensities per household for small 
appliances. The 1985-2020 growth in energy services of 38 percent is just compensated by 
feasible efficiency improvements. 
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Table A.10.3.28: Development of energy-use intensities for miscellaneous small appliances 

Coffee maker 

Misc. cooking 

Iron 

Vacuum 

Hairdrier 

Power/garden tools, etc. 

Intercoms, elevators,etc. 

Radio/stereo/casette/CD 

An 
Index (1985=1.0) 

UEC in 
1985 

kWh/yr 

50 

30 

Saturation 
1985 
#/hh 

0.85 

1.00 

EUI in 
1985 

kWh/hh-yr 

43 

20 

30 

30 

20 

30 

20 

70 

263 

1.00 

En. services 
1985/2020 

ESF 

1.18 

1.50 

0.80 

1.25 

1.00 

1.20 

1.20 

2.00 

Bestcomml 
technology 

EIF 

0.9 

0.9 

0.9 

0.9 

0.9 

0.9 

0.9 

0.9 

0.90 

Advanced 
technology 

EIF 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.70 

Energy-use intensity 
Static frozen Dyn. frozen 
efficiency efficiency 
kWh/hh-yr kWh/hh-yr 

50 50 

30 30 

24 24 

38 38 

20 20 

36 36 

24 24 

140 140 

362 362 

1.38 1.38) 

in 2020 
Best comml 
technology 
kWh/hh-yr 

45 

27 

22 

34 

18 

32 

22 

126 

325 

124 

Advanced 
technology 
kWh/hh-yr 

35 

21 

17 

26 

14 

25 

17 

98 

253 

0.96 

(1) ESF measures growth in energy services delivered by each category of appliance. *'). 
.- ( 



7. SUMMARY: DOMESTIC APPLIANCES 

As early as 1977, it was shown that the electricity consumption of the appliances in a 
typical Danish household could be reduced by about 65%, with payback times 
corresponding to CCE's up to 10 Pf/kWh (Norgard 1977). Close to 20 years later, much 
better data and new technologies are available, yet this estimate appears sound and 
prescient. 

Weighted average efficiency factors 

As shown in Table A. 10.3.29, current average equipment requires about a third less 
electricity to provide the year 2020 mix of appliance energy services than would be required 
at the efficiency of 1985 existing stocks (static frozen efficiency case). 

With 1993 best commercially available technology, energy savings reach 60 percent relative 
to the static frozen efficiency case. If near-commercial advanced techniques are included, 
feasible savings exceed three quarters of the frozen efficiency case. 

Growth of energy services from appliances 

These potentials for efficiency improvements will be partially offset by remaining growth 
potentials in appliance saturations and energy service levels. On an energy-weighted basis, 
we project total energy services from appliances to increase by a factor of 2.13 between 
1985 and 2020. 

Average percentage savings potential in 2020 

Nevertheless, remaining efficiency potentials can reduce residential appliance electricity use 
in the EC-5 region below 1985 levels, by 17 percent (with best commercial technology) 
and by 50 percent (with advanced technology). 

Similar savings estimates are found in other European reports on appliance efficiency. In a 
follow-up study of his earlier work, Norgard (1989) reported that a 75-80% reduction 
could be obtained compared to the already reduced consumption of 1988 Danish appliance 
stocks. A UK report on the potential for more energy-efficient appliances, lighting and 
cooking equipment (Gluckman 1990) also supported the view that large efficiency 
improvements are available and economic, but stated that they are unlikely to come about 
without coherent policies designed to correct the market imperfections which exist 

Average costs of conserved energy 

Based on the economic analysis in previous sections, and weighted by the energy savings 
implied in Table A. 10.3.29, demand-side efficiency resources in residential appliances cost 
3.5 Pf/kWh on average. The range is from 0 to 5.6 Pf/kWh, depending on the appliance. 
For going from the 1991/93 sales average to advanced technology, the weighted average 
CCE is 5.9 Pf/kWh, with a range from 2.8 to 11.5 Pf/kWh. 

The above CCE estimates (relative to the 1991/93 baseline) represent the low case for our 
scenario analysis. The high case is derived by applying a 50 percent surcharge to these 
estimates, as discussed in Section B above. 
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Table A.10.3.29: Growth and energy 

Refrigerator 

Freezer 

Washer 

Drier 

Dishwasher 

Television/peripherals 

Computer/peripherals 

Misc. small appliances 

All appliances 

Index 

1985 
base year 

TWh 

36 

21 

23 

8 

7 

25 

1 

17 

138 

1985/2020 
growth 
ESF 

1.3 

1.7 

1.1 

3.4 

3.1 

3.7 

24.4 

1.4 

efficiency potentials in residential electrical appliances 

Energy intensity factors 

1985/2020 1985/2020 
dyn.fr.eff. bestcomml 

EIF EIF 

0.69 0.35 

0.49 0.28 

0.41 0.28 

0.59 0.33 

0.58 0.43 

0.57 0.36 

1.10 0.44 

1.00 0.90 

0.64 0.39 

1985/2020 
advanced 

EIF 

0.18 

0.19 

0.19 

0.14 

0.24 

0.21 

0.24 

0.70 

024 

2020 electricity use 

static dynamic best comml 
fir. efficiency fir. efficiency technology 

TWh TWh TWh 

45.1 31.3 15.6 

35.1 17.2 9.7 

26.0 10.8 7.4 

27.5 16.2 9.1 

23.3 13.4 10.1 

90.7 52.1 33.1 

20.1 22.1 8.8 

23.6 23.6 21.2 

291 187 115 

2.12 1.35 0.83 

advanced 
technology 

TWh 

8.0 

6.8 

4.8 

3.8 

5.6 

19.0 

4.7 

16.5 

69 

0.50 



8. COMMERCIAL SECTOR OFFICE EQUIPMENT 

A vast range of commercial sector office equipment, ranging from computers, to printers, 
to fax machines, to cash registers, consumes electricity. Many people have recognized that 
this group of equipment represents the fastest growing use of electricity, but few have yet 
appreciated that this equipment also offers a large scope for improved energy efficiency. 
We summarize below recent U.S. and European analyses. 

Overview 

The dearth of end use data on electronic office equipment is only starting to be corrected. 
Data for the European Community region are emerging (Roturier 1994, Spreng 1991). In 
the following report, we rely on state of the art estimates developed by Piette et al. (1994) 
for the office equipment energy use model of Lawrence Berkeley Laboratory (LBL). While 
the technology data from that study have international application, base year saturation data 
seem to differ somewhat in Western Europe. Koomey et al. (1995b) discuss technology 
and energy efficiency trends as a function of various policy options. 

The LBL authors first estimate annual unit energy consumptions for the eight most 
important types of equipment on the basis of typical user profiles. The saturation of this 
equipment can be expressed as the number of units installed per 100 m2 of building floor 
space. When combined with the UECs of the equipment, a weighted average energy use 
intensity (EUI) for office equipment can be estimated in terms of kWh/m2 floor space. 
These EUI data can then be further differentiated for subsectors other than office buildings, 
and aggregated into total office equipment use in commercial and institutional buildings. 

This procedure leads to the following qualitative ranking: 

— By far the most important energy-consuming electronic office devices 
are mainframe and mini computers. In 1993/1995, these devices 
account for about half of all office electronics electricity use. 

— Energy use for decentralized office electronics is dominated by 
personal computers, stand-alone monitors (about another third), and 
printers, copiers and fax machines (another sixth). PCs are also 
important in retail stores, schools, and hospitals. 

— Electronic cash registers are the dominant electricity-consuming 
electronic device in retail stores, grocery stores, and restaurants. 

Below, we first review energy efficiency developments for each device, and then combine 
these with growth factors for equipment stocks and for energetically relevant changes in 
user comfort and quality of equipment. We discuss personal computers and monitors 
separately. Table A. 10.3.30 summarizes the relevant data. 
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Table A.103 JO: Energy efficiency 

Personal computers 
Active 

Stand-by 
Suspend 

UEC 
Energy intensity factor 

Index (1991/93 sales = 1.00) 
Monitors 

Active 
Stand-by 
Suspend 

UEC 
Energy intensity factor 

Index (1991/93 sales = l.OO) 
PC plus monitor 
UEC 
Energy intensity factor 

Index (1991/93 sales = 7.00) 
Mainframe computers 

Active 
Stand-by 

UEC 
Energy intensity factor 
Mini-computers 

Active 
Stand-by 

UEC 
Energy intensity factor 
Copiers 

Active 
Stand-by 
Suspend 

UEC 
Energy intensity factor 

Index (1991/93 sales o 1.00) 
Printers 

Active 
Stand-by 
Suspend 

UEC 
Energy intensity factor 

Index (1991/93 sales = 1.00) 
Fax machines 

Active 
Suspend 

UEC 
Energy intensity factor 

Index (1991/93 sales m 1.00) 
Cash registers 

Active 
Stand-by 

UEC 
Energy intensity factor 

W 
W 
W 

kWh/yr 
EIF 

W 
W 

w 
kWh/yr 

EIF 

kWh/yr 
EIF 

kW 
kW 

kWh/yr 
EIF 

kW 
kW 

kWh/yr 
EIF 

W 
W 
W 

kWh/yr 
EIF 

W 
W 
W 

kWh/yr 
EIF 

W 
W 

kWh/yr 
EIF 

W 
W 

kWh/yr 
EIF 

of electronic office equipment 

Existing 
stocks 

1985/88 

100 
100 
100 
303 
1.00 

28 
28 
28 
85 

1.00 

388 
1.00 

25 
12.5 

145635 
7.00 

3.5 
1.75 

20389 
7.00 

250 
215 
215 
879 

7.00 

45 
15 
IS 
49 

7.00 

175 
19 

221 
7.00 

130 
130 
569 
7.00 

Market/ 
sales ave 
1985/88 

75 
75 
75 
227 

0.7S 

55 
55 
55 
167 

1.96 

394 
1.02 

16.3 
8.1 

94757 
0.65 

2.1 
1 

12036 
0.59 

233 
200 
200 
817 

0.93 

200 
80 
80 

256 
5.26 

175 
28 
297 
134 

130 
130 
569 
1.00 

Technology level 
Market/ 
sales ave 
1991/93 

65 
60 
60 
186 

0.61 
1.00 

80 
80 
80 
243 
2.86 
7.00 

428 
7.70 
7.00 

10 
5 

58254 
0.40 

1.25 
0.5 

6789 
033 

220 
190 
190 
776 

0.88 
1.00 

200 
80 
80 

256 
5.26" 
7.00 

175 
35 
356 
7.67 
1.00 

130 
130 
569 

7.00 

Market/ 
best 
1993 

15 
5 
5 

23 
0.08 
0.12 

55 
13 
3 
62 

0.73 
0.26 

85 
0.22 
0.20 

220 
190 
150 
678 

0.77 
0.87 

200 
25 
25 
92 

1.89 
0.36 

175 
16 
196 

0.89 
0.55 

70 
10 

201 
035 

Prototype/ 
advanced 

1998+ 

15 
5 
1 
19 

0.06 
0.10 

23 
5 
5 
30 

035 
0.12 

48 
0.72 
0.77 

220 
100 
100 
445 

0.57 
0.57 

120 
5 
5 

25 
0.52 
0.10 

70 
16 
159 

0.72 
0.45 

70 
10 

201 
035 
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Personal computers 

Baseline data and saturation trends 

Historically, desktop and deskside PCs were constant power devices. Most desktop PC's 
currently use 50 to 200 W. Average wattages fell somewhat from about 100 W in 1985 to 
about 75 W in the early 1990s. Table A 10.3.30 shows the breakdown by active, stand
by, and suspend mode and the unit energy consumption for the user hours estimated in 
Piette et al. (1994). 

Growth 

The 1988 equipment density in commercial sector office buildings was estimated as 5 
people per PC for the U.S. Given that not all employees in an office building work with 
computers, and many work stations are fitted with monitors only, the likely saturation limit 
is between one and two people per PC, equivalent to a roughly three-fold increase. This 
saturation level is likely to be reached quickly. Growth rates for PC stocks of 10 percent 
per year have been predicted for the near-term. 

Efficiency options 

In general, besides using more energy-efficient motors and processes, the energy 
performance of office electrical equipment could be greatiy improved by more sophisticated 
power-management software. This would turn the circuitry progressively off in periods of 
non-use, so that it switches to 'standby' and successively deeper 'rest' and 'sleep' modes 
after certain intervals. However, PC's can be set to 'wake up' upon receiving certain 
external signals, like modem transmissions, or in order to perform regular 'housekeeping' 
chores; for example, to back up a hard disk onto tape. 

The Swiss Federal Institute of Technology announced a target level of 10 W for PC 
standby power in 1998, and 1W in the suspend mode. No target level has been set for the 
active mode. 

More advanced technology will lower power requirements by allowing power management 
to be incorporated into the PC architecture itself, and by using reduced voltages. 

Consumer utility 

Impacts on user convenience from power management are small. The time required for 
powering up is one second in the stand-by mode, and 3 seconds in the sleep mode. At the 
same time, equipment life is lengthened. 

Energy intensity factors 

The remaining efficiency potential for PCs is large enough to cut the annual electricity 
consumption by a factor of 10 relative to current average sales and by a factor of 16 relative 
to stocks in the 1985 base year. These cuts in power requirements will be accompanied by 
further large increases in computing capability. 
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Monitors 

The large majority of office monitors and display terminals are based on cathode-ray tube 
(CRT) technology that is also used in television sets. As in the case of TVs, the trend 
toward larger screens, higher resolution, and color monitors is increasing unit energy 
consumption. On account of these trends, the average wattage of monitors doubled from 
28 W in 1985 to 55 W in 1991/93. 

Growth 

The 1988 equipment density of monitors is estimated as 3 persons per monitor in the U.S. 
(Piette et al. 1994). The saturation level is predicted to be somewhat less than one monitor 
per person, allowing a close to three-fold increase of current stocks. As in the case of PCs, 
this saturation level is likely to be reached quickly. Growth rates of 9-10 percent per year 
have been predicted for the near-term. 

Efficiency options 

Like PCs, CRT monitors were historically constant power devices. Power-managed CRTs 
have the same stand-by and suspend modes as PCs. Relative to active status, power 
requirements can be reduced by as much as 90 percent with a near-instantaneous recovery 
time. 

Flat-panel displays are used for laptop computers. With advanced power-management 
controls, use about 3 W to perform the same tasks as a desktop PC plus monitor. Liquid 
crystal displays (LCDs) can be powered up or down faster than CRTs. The technology is 
already being offered for use with desktop PCs, but high costs are preventing its 
widespread use at this time. 

The Swedish Board for Industrial and Technical Development (NUTEK) has provided 
financial incentives for the development of power-managed monitors. Switzerland has set 
a 5W target for stand-by power. 

Energy intensity factors 

On account of higher quality monitors, unit energy consumption almost tripled over the last 
decade. However, best commercial technology can eliminate three quarters of current 
energy requirements, and advanced technology will consume little more than ten percent of 
current average sales. 

Mainframe and mini computers 

New sales of these centralized computer systems bring along substantially lower power 
requirements than existing units and increase power and speed. Some U.S. utilities have 
capitalized on these trends by offering financial incentives for the early replacement of 
existing mainframes with less power consuming mini computers, but recent market trends 
may make such incentives unnecessary or too costly for utilities, due to an excessive 
number of free riders. 

Over time, mainframes appear to be losing market share to mini computers and PCs. 
However, businesses and institutions may not yet have found the optimum balance point 
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between centralized and PC systems. Energy data for centralized computers are also 
especially difficult to define, due to questions of system configuration and boundaries. 

In the U.S. market, growth for mainframes is predicted to be negative, and slow (less than 
two percent) for mini computers. Similar trends can be expected in the European market 

Copiers 

The dominant technology for copy machines is based on use of heat and pressure to fix an 
image to paper. The main energy requirement is heating the drum to about 200°C. Color 
copiers have achieved only a small market share so far. However, major manufacturers 
have recently lowered their prices significantly, and more cost reductions are on the way. 

Energy consumption per page can vary considerably depending on the type of copying job. 
Energy consumption per unit is a useful but still unsatisfactory indicator. While energy 
efficiency appears to have improved somewhat over the last decade, there also has been a 
trend toward copying of more pages per year. 

Growth 

Remaining growth potentials in copier stocks are less pronounced than in PC and monitor 
sales, due to beginning saturation effects. Rates of 3-4 percent per year are being predicted 
over the near-term. We assume a doubling of copying services over the 1985-2020 period 
of our scenario study. 

Energy efficiency options 

A basic option for energy savings is again power management. A significant fraction of 
current sales include this feature. Options for other efficiency improvements include 
reduced temperature fusing (18 percent savings), making multiple copies from memory 
using digital machines (5 percent savings), and use of a lower-power exposure lamp (12 
percent savings). Combined savings are 30 percent. 

More advanced designs include high-resolution inkjet copying, and low voltage chips. 

Consumer utility 

According to industry reports, a large fraction of copiers with energy-saver programs are 
shipped or installed with that program disabled. The program involves a delay of several 
minutes for warm-up after an idling period shifted it into standby mode. Because of this 
delay, it is not clear that all consumers will use the power saver feature once awareness of 
the option has been better promoted. 

Energy intensity factor 

Following Piette et al. (1994), we conservatively assume a decline in unit energy 
consumption of about 50 percent relative to 1985 stocks. No change in the frequency of 
xeroxing is assumed, since the impact of new "information highway" technology on paper 
requirements is not clear. 
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Printers 

In the 1985 base year, dot-matrix and daisy wheel printers were prevalent, but these have 
since been displaced by non-impact technologies, i.e., laser and most recently, ink-jet 
printers. Over the last decade, the unit energy consumption of printers increased by about a 
factor of five on account of the shift to laser printers. However, new inkjet printers use 
even less energy than the old impact printers did, and also cost less than laser units. 

As in the case of copiers, energy use for printers has been influenced by more intense use. 
In addition, color printing will add some energy requirements. With falling prices for color 
printing and color copying devices, these units will become much more prevalent in the 
future. 

Growth 

Growth in printer stocks is almost as high as that for PCs and monitors, and has been 
projected at 7 percent per year in the near future. We estimate that saturations in 2020 will 
be 2.5-fold higher than current stocks. 

Efficiency options 

Like copiers, laser printers are relatively energy-intensive because rollers have to be kept 
warm even when not printing. Therefore, power management is an important efficiency 
option for laser printer. 

For most routine print jobs, best commercial technology can now be considered to be inkjet 
printers. Inkjet printers typically use 10-20 W in the active mode, compared to 250W for a 
laser printer. They require only a small amount of energy to vaporize the ink, no heat 
during standby, and no suspend mode. 

Consumer utility 

Energy-efficient inkjet printers increase consumer utility, as expected on account of their 
lower first cost and as proven by their rapidly rising market shares. 

Energy intensity factor 

Like PCs and monitors, printers can be operated with about one tenth of the electricity 
required by the average equipment sold in 1991/93 (Table A. 10.3.30). 

Fax machines 

In the 1985 base year of our scenario study, fax machines did not exist as a mass market 
commercial product By the late 1980s, one fax machine was found for roughly every 60-
80 workers m surveys of U.S. office buildings. We assume that the stock of faxes will 
eventually reach a saturation density of 20 workers per fax. 

Currently, fax machines use a variety of technologies, including direct thermal, laser, and 
inkjet printing, with paperless fax cards for PCs being the newest development. Active 
power requirements for laser faxes sold in 1991/93 range from 60 to almost 1000W, while 
standby power ranges from 12 to 65W. Our assumption of average values are shown in 
Table A. 10.3.30. 
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In the period between 1985 and 1995, standby power increased, due to the switch from 
thermal faxes to laser faxes. Best commercial units use the same power management 
options as those used for printers of that type. The advanced technology is based on laser 
faxes as well, though inkjet and fax card technologies would allow substantially greater 
savings. 

Combined fax/copy/printer units 

Combined units have been introduced into the market in recent years. It is unclear whether 
these units will offer significant energy savings relative to separate devices after the above 
efficiency options and developments in the separate appliances have been taken into account 
(Piette et al. 1994). 

Miscellaneous equipment 

Peripherals and DC power supplies 

Other peripherals include external disk drives, external modems, scanners, autocad, and 
other PC equipment. On average, these devices add no more than about 5W to the 
electricity demand of an office work station. Emerging technologies, such as digital 
assistants, electronic notebooks, video and compact-disk ROM are expected to have small 
energy requirements as well. 

These and other small devices could, however, benefit from redesign of DC power 
supplies, so that transformers are switched off when the 'host' appliance is itself turned 
off. Such supplies are nearly always designed for the lowest possible first cost; for 
instance, by deliberately locating switches on the low-voltage side of the transformer, and 
no thought is given to the electricity consumption when hundreds of millions of them are 
added up. In the EC-5, this waste of electricity alone probably consumes the output of at 
least one 1GW power station. 

For the purposes of the present analysis, we assume that efficiency trends in these products 
are already captured in the business-as-usual scenario. 

Combined effects 

Table A.10.3.31 shows the combined effects of growth and energy efficiency 
improvements in office equipment over time. The table is organized into a section showing 
changes between 1985 and about 1993, followed by the projected further growth and 
energy efficiency potentials in the period from 1993 to 2020. This procedure ensures 
against double counting. 

Changes in the 1985-1993 period 

For the period between 1985 to 1993, we show how the increase in energy intensity per 
unit of floor space came about as a combination of higher equipment densities (column 3) 
and higher amenity or quality levels of energy service (ratio of column 4 over column 3). 

For example, the stock of computers rose 2.7 fold. In this case, the rise in equipment 
density and in energy services is identical. However, the energy use intensity of computers 
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declined by 25 percent in the same period (see Table A. 10.3.30 above). As a result, 
electricity use per m2 and year only doubles (Table A.10.3.31). 

SimUarly, the stock of PC monitors rose by 90 percent in that period. Because of the shift 
to larger screens, higher resolution, and color, the energy requirements of monitors almost 
tripled in the same period (see Table A. 10.3.30 above). In combination, energy service 
levels rose 5.4-fold (Table A.10.3.31). 

On an energy-weighted average basis, we estimate that energy services grew by a factor of 
1.85 in that period. If only the increase in equipment densities is considered, the growth 
factor is 1.65. The 20 percentage point difference between the two figures indicates the 
impact of increased amenity levels and related technological changes on final electricity use. 
Because of efficiency gains in the 1985-1993 period, actual electricity use for office 
equipment increased only by a third. 

Developments for the 1993-2020 period 

Table A.10.3..31 then shows our growth assumptions for the ensuing period from 1994-
2020. In a static frozen efficiency calculation, energy services increase by a weighted 
average factor of 1.67. Relative to the 1985 base year, total energy services grow by a 
factor of 3.2. 

Because equipment sold in 1993 is more efficient than equipment in existing 1985 stocks, 
energy use in 2020 does not rise by a factor of 3.2, but only by a factor of 2.2 (dynamic 
frozen efficiency scenario). 

When best commercial equipment and advanced technologies are used, absolute energy use 
for office equipment actually declines relative to 1985, despite the strong growth in activity 
levels. With full penetration of currently commercial technology, energy intensity per unit 
of floor space declines by about 57 percent relative to the efficiency of 1993 average sales 
(EIF 0.43). For advanced technology, energy intensity drops by two thirds (EIF 0.33). 

Relative to 1985 average stocks, the 3.2-fold growth in energy services is more than offset 
by the EIFs of 0.30 and 0.23, respectively. 

Will business-as-usual trends lead to the same efficiency gains as best currently commercial 
technology? 

To a considerable degree, energy use for office equipment is shaped by the arrival of new 
technologies that deliver faster and better quality of processing, printing, faxing, copying, 
etc. These technologies will be bought no matter what their energy requirements. Much as 
in the case of industrial process change, labor productivity is most important 

On this account the 2020 outcome of a business as usual scenario may in some cases be no 
different from that of a technical potential scenario based on best currently commercial 
technology. 

However, within one and the same technological universe (e.g. laser printers), there is 
room for accelerating the adoption of more efficient equipment. If such shifts occurred 
faster, the EC-5 would avoid the expenditure of several billions of dollars on generating 
capacity. By contrast, at the present rate of energy efficiency improvement, utilities will 
have to build generating capacity to supply this electronic equipment with electricity, and in 
some cases to also cool the buildings in which it is used. 
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Table A.10 J31: Development of electricity 

PCs 

Monitors 

Mainframe 

Mini 

Copiers 

Printers 

Faxes 

Cash registers 

Total 

Index (1985=1.0) 

EIF (1985 stocks=1.00) 

EIF (1993 sales-1.00) 

Baseline 
energy use 
kWh/m2-yr 

2 

0.010 

0.005 

0.034 

0.0S8 

0.007 

0.001 

0.000 

0.000 

0.115 

7.00 

-

use intensities for office equipment in the commercial sector 

Growth factors 1985/1993 
equipment energy 

density services 
3 4 

2.7 

1.9 

1.1 

1.6 

1.6 

1.7 

n/a 

n/a 

0.00 

2.7 

5.4 

1.1 

1.6 

1.6 

9.0 

n/a 

n/a 

0.00 

Energy use 
in 1993 

kWb/m2-yr 
5 

0.020 

0.025 

0.025 

0.056 

0.011 

0.008 

0.006 

0.001 

0.152 

1.33 

0.69 

Growth 
factor 

1993/2020 

3.0 

3.0 

0.7 

1.1 

1.3 

2.0 

3.0 

2.0 

Energy 
Frozen 

efficiency 
kWh/m2-yr 

0.049 

0.107 

0.011 

0.035 

0.013 

0.016 

0.023 

0.002 

0.256 

2.24 

0.69 

1.00 

-use intensity in 2020 
Best comml. Advanced 
technology technology 
kWh/m2-yr kWh/m2-yr 

0.006 

0.027 

0.011 

0.035 

0.012 

0.006 

0.013 

0.001 

0.110 

0.96 

0.30 

0.43 

0.005 

0.013 

0.011 

0.035 

0.008 

0.002 

0.010 

0.001 

0.084 

0.73 

0.23 

0.33 

(1) Energy service growth is equal to growth in equipment density plus increased amenity (e.g. shift to color monitors) 
and more intense use of equipment (e.g. shift to more copying). 

(2) Energy use density in 1993 is calculated by applying the growth factor for energy services (column 4) 
and the 1993/1985 reduction in EUI from Table A. 10.3.30 to column 2. 



Economics 

Is there a net extra first cost? 

When buying inkjet faxes and printers, rather than lasers of the same speed; or telephone 
PBX's, there is no significant extra cost for more energy-efficient models. Energy 
efficiency is largely a matter of newer or different technology. Some intrinsically electricity-
efficient appliances, such as plain paper inkjet faxes, are priced at less than laser faxes of 
similar output quality, and their production cost is apparently much lower. Here, the 
electricity saving is better than free. 

Special circuitry for photocopiers or laser printers, to switch them to a low-energy mode as 
often as possible when they are not in use undoubtedly has a cost. However, these 
appliances' high electricity consumption should make quite sophisticated controls highly 
profitable. A small office photocopier used for 50-60 hours per week is likely to cost more 
in electricity than its initial cost. Over a six year lifetime, with an electricity price of 15 
Pf/kWh and a rating of 800 W, its energy costs will be about DM 4,000. If improved 
controls could save 80% of this consumption, it would be profitable to spend an extra DM 
3,000 on them. The investment would still be cheaper than marginal electricity supplies. 

Likewise, the production cost of new, more advanced microchips and circuitry for portable 
computers is undoubtedly more, although there are savings. A point often forgotten is that 
laptop microcomputers include the equivalent of a half- or even one-day uninterruptible 
power supply, which has to be purchased separately with desktop machines at a cost of 
hundreds or thousands of DM's. It has been shown that a DM 900 premium for laptop 
computers is justified on the basis of the interruptible power supply avoided alone. Also, 
energy-efficient machines save money by eliminating the need for a cooling fan. 

However, it is almost impossible to quantify the CCE, for many reasons. New microchips 
fall so rapidly in price that they sometimes become cheaper than their predecessors within a 
short time. Users are already buying such machines anyway because they value the 
convenience or the other amenities, and they are being sold for prices which are unrelated 
to production cost still less to the major electricity savings. 

Costs of conserved energy 

The figures we use are for commercially available technology, an EIF of 0.30 at a CCE of 
0 Pf/kWh, and for advanced technology, an EIF of 0.23 at a CCE of 0 Pf/kWh. 

However, end use data are so poor, and prices of business equipment are so loosely related 
to costs, that all these figures must only be regarded as the most plausible of a considerable 
range of possibilities. 
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9. MISCELLANEOUS APPLIANCES IN THE COMMERCIAL SECTOR 

Outside the domestic sector, many domestic-type appliances are also in use, e.g., 
refrigerators, clothes dryers, washing machines, dishwashers and TV's. These are widely 
used in laundrettes, hostels, hotels, hospitals, old peoples' homes, prisons, etc. 

In most cases, the same equipment or technology is used as found in residential homes. 
The scope for improved efficiency in these types of appliances is similar to that in 
households. Often, because of the more intensive use, costs of conserved energy are 
lower. The large variety of small appliances specifically used in commercial sector 
enterprises can certainly be improved significantly as well. 

Based on our analysis of residential appliances, we estimate an overall reduction of 60% 
(EIF 0.40) for best available technology, and of 75 percent for advanced technology. The 
weighted average cost of conserved energy is estimated as 80 percent of our results for 
residential appliances (see previous section), or 2.8 Pf/kWh and 4.8 Pf/kWh, respectively. 

In addition, various unique types of equipment are found in commercial sector applications, 
either in terms of function or size. Among the more important are: commercial 
refrigeration, commercial heating, air conditioning and ventilation equipment, pumps, 
compressors, lifts, and various other types of stationary motor-driven devices. For these 
applications, energy efficiency potentials are analyzed in the section on motor drives below. 

We also separately consider commercial cooking (see the section on process heat, and 
office electronics and automation devices (see previous section). 

10. SUMMARY: APPLIANCES AND OFFICE AUTOMATION IN THE 
COMMERCIAL SECTOR 

As discussed in Section C above, the percentage of commercial sector electricity used for 
the various appliances and office equipment in the 1985 base year is known only with 
considerable imprecision. Lacking other data, we adopt a breakdown for France in about 
1991 (Sezgen and Schipper 1994, Roturier 1994), when office equipment there accounted 
for five percent of total commercial electricity use. This allows a rough breakdown of the 
category of appliances into office equipment and other appliances. 

Table A. 10.3.32 shows our scenario. Office equipment energy service growth is taken 
from Table A 10.3.31 above, and other appliance energy service growth is taken to be the 
same as that for residential appliances (Table A.10.3.29 above). On a final-energy 
weighted basis, energy services grow by a factor of about 2.1 between 1985 and 2020. 

This growth is more than offset if existing stocks are replaced with best commercial 
technology. In the case of advanced technology, which increases energy efficiency by a 
factor of four, demand is half that in the 1985 base year. 

If the CCEs of energy efficient office equipment (0.0 Pf/kWh) and of appliances are 
weighted by the respective savings potentials, the weighted average cost of conserved 
electricity becomes 1.2 Pf/kWh (best commercial technology) to 2.5 Pf/kWh (advanced 
technology). 
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Table A.10.3.32: Growth and energy efficiency potentials in EC-5 commercial sector electrical appliances 

Office automation equpt. 

Other appliances 

AU commL appliances 

Index (1985=1.0) 

1985 
base year 

TWh 

12 

20 

32 

1985/2020 
growth 
ESF 

2.2 

2.0 

Energy intensity factors 

1985/2020 1985/2020 1985/2020 
dyn.fr.eff. bestcomml. advanced 

EIF EIF EIF 

0.69 0.30 0.23 

0.61 0.40 0.25 

0.64 0.36 0.24 

2020 electricity use in the EC-5 region 

Static Dynamic Bestcomml. Advanced 
fr. efficiency fir. efficiency technology technology 

TWh TWh TWh TWh 

27.8 19.2 8.2 63 

39.7 24.1 15.9 9.9 

67 43 24 16 

2.08 1.33 0.74 0.50 

(1) Base year electricity consumption for all appliances based on Table A. 10.3.7, Section C. 
(2) Split of office automation equipment and other appliances based on French data for about 1991. 
(3) Growth in energy services taken from Table A.10.3.29 and A.10.3.31, respectively. 

http://dyn.fr.eff


F. END-USE TECHNOLOGIES: SPACE CONDITIONING 

1. SPACE HEATING 

All EC-5 countries except the Netherlands and Italy have significant numbers of direct 
electric resistance heating systems. The electricity consumption of these systems can be 
reduced using heat pump technology and various building shell improvements, as 
described in Appendix A. 12. In this report we focus on options for avoiding or reducing 
electricity use for air conditioning. 

2. SPACE COOLING AND VENTILATION 

Measures to save electricity use in air conditioning and ventilation are partly analyzed in the 
section on motor drives (Section I). In that analysis, we begin with the "upstream" 
opportunities of improving electric motor drives, followed by options for improving the 
motor-driven machinery (Section 1.8), and for reducing the output requirements of that 
machinery through "downstream" energy efficiency measures (Section 1.9). In this case, 
the machinery in question consists of fans, blowers, chillers and other types and 
components of heating, ventilation, and air conditioning (HVAC) equipment (Johnson et 
al. 1994). 

In the present section, we give a survey of complementary measures that aim even further 
downstream, at options for reducing or completely avoiding air conditioning requirements 
through outside-air cooling, building designs facilitating such cooling, and alternatives to 
conventional air conditioning equipment such as ice storage or evaporative cooling. 

Avoiding the need for air conditioning under European conditions 

One factor in the recent trend of above-average growth of commercial-sector electricity 
consumption is the growing provision of air conditioning, partly in response to rising 
internal gains. Under EC-5 climate conditions, air conditioning is currently a much less 
important electricity use than in the U.S. Moreover, the need for air conditioning can be 
largely eliminated through building design. We summarize the key options. 

Outside-air cooling 

Buildings that do not already do so can be converted to use outside air for cooling, when 
the outside temperature is suitable. This tends to be for the majority of the year in the EC-5, 
and the periods will become longer if office equipment and lighting are made more energy-
efficient; outside air at a slighdy higher temperature may then suffice for cooling. 

Ice storage 

Some industrial or commercial-sector buildings may need more chilling of the air than any 
'passive' air conditioning system can provide. For these, seasonal ice storage is a 
possibility. This has been extensively developed in the USA (Olivier 1986). All climates 
away from the western and southern coasts of Europe appear to have enough freezing 
hours to make it feasible. 
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Architectural design 

However, in Europe it is worthwhile to look outside the mechanical system boundary and 
totally re-assess the energy service which we are trying to provide; namely, summertime 
thermal comfort. If so, an inevitable conclusion is that energy use for space cooling is an 
artifact of poor architecture. Rather than make air conditioning motor drives more energy-
efficient, a more fruitful step, in energy and economic terms, is to design buildings that do 
not need costly and elaborate mechanical services for summer comfort. 

The key observation is that in certain types of buildings, internal temperature control in 
summer is much easier than in low-quality buildings of the kind built in the 1960's and 
1970's, and even in many of those being constructed today. These largely self-cooling 
buildings tend to have high thermal mass, not concealed by suspended ceilings; high 
insulation levels outside the mass; moderate glazed areas, particularly on the west, and 
precautions to prevent too much summer sunshine entering the building. 

In quiet areas, such buildings can be cooled by opening windows; on noisy urban sites, by 
selective mechanical ventilation; e.g., flushing the building with cool night air. All the 
shallow-plan buildings with good space heating energy performance also have a good 
space cooling performance; they can be kept cool during most of summer just by opening 
windows. 

Hollow-core concrete floors, through which the ventilation air is circulated, can be used 
effectively using a system demonstrated in Sweden and Finland from 1978 onwards. The 
outside air intake is selectively raised whenever necessary to maintain internal comfort. For 
example, the budding may need extra night ventilation in hot weather. 

As this system does not depend on opening windows, it can work on noisy urban sites. In 
northern Europe, this system can even cope with the internal heat gains characteristic of 
inefficient lights and electrical equipment; namely, 30-50 W/m2, and in buildings with a 
less-than-perfect orientation, which results in considerable solar gains entering the building 
in summer (Bunn 1991). Even with excessive heat gains, simulations indicate that it works 
in eastern Canada, on the same latitude as central France or northern Italy. It can be 
expected to work throughout Europe if buildings have energy-efficient lights and 
appliances, and reasonable orientation/shading. 

'Super-glazings' can also be effective in non-domestic buildings. Switzerland has also 
demonstrated buildings which remain comfortable without using chiller plant. At most, 
electricity is only used to run a small mechanical ventilation system overnight in hot 
weather (Geilinger AG 1989). However, as these glazings are transparent to visible light, 
unlike solar control films, they allow unhindered daylighting. 

Offices in central Europe can be designed to be comfortable in summer just by opening 
windows. If building thermal mass is increased, as in the Meteolabor building at Wetzikon, 
Switzerland, electricity use is zero and summer air temperatures inside the building in all 
weather stay below 24-25°C (Olivier 1991) 

In central or northern Europe, the conditions reached in such buildings - temperature, 
humidity, air velocity, etc. - result in a comparable standard of comfort to air-conditioned 
buildings. Either no electricity is used if windows are opened, or about 0.02 GJ/m2 year is 
used if mechanical ventilation is needed. 
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Building plan 

The choice of building form is a major determinant of future electricity consumption. 
Shallow-plan buildings inherently have a low electricity demand for ventilation, lighting 
and cooling. Such buildings do not usually cost any more to build than sealed, air-
conditioned ones. There is reason to believe that they will generally cost less, because great 
savings are made on mechanical services by eliminating refrigeration motors and 
compressors, high-velocity ductwork, terminal boxes, controls and associated plant 

The UK has the coolest summers in the EC, except for Ireland, yet 20% of commercial 
floorspace has central air conditioning. By contrast, summer temperatures in Denmark are 
as high as the southern UK, but electricity for space cooling is considered to be 
unnecessary, and building codes normally prohibit its use. 

In southern Europe, temperatures can rise well above the human comfort zone, and more 
elaborate methods may be needed. However, the same basic combination of measures is 
still an effective way to provide comfortable conditions inside buildings: high thermal 
mass, insulation outside the mass, correct window orientation and shading; external tree 
planting; reduced internal heat gains; and selective mechanical ventilation. 

Evaporative cooling 

In extreme cases, methods like evaporative cooling can make up the difference in drier 
climates. Methods such as high-velocity ceiling fans, and possibly solar desiccants, can 
work in humid climates. These still use an order of magnitude less electricity than 
electrically-driven chiller plant 

There has been more work in the USA than the EC on warm climate alternatives to air 
conditioning. This work proved that thermal comfort could be provided without air 
conditioning, under more severe conditions than occur in the EC-5 (ASES 1980-90). If 
lighting and electrical equipment are energy-efficient it is certain mat new buildings in the 
EC do not need chiller plant, except for rare cases such as mainframe computer suites. 
Thus, in the long term, the EIF for air conditioning applications could be close to zero. 

The widespread use of such building designs is largely a matter of new building codes that 
require reductions in electricity consumption of the same order as the reductions they seek 
to achieve in heat consumption. It is also necessary to educate designers in the principles of 
climate-responsive architecture, and to alert developers and potential users to the fact that 
buildings in Europe do not have to be air-conditioned per se to be cool in summer. 

Economics 

The costs of conserved energy for improved HVAC equipment are developed in Section 1.9 
below. The net costs of architectural measures to reduce air conditioning and mechanical 
ventilation requirements are difficult to assess in a generalized manner. However, there is 
ample anecdotal evidence that the savings in mechanical equipment from avoiding air 
conditioning altogether can offset any additional cost that might be associated with 
improved building plans or passively-cooled architectural designs. Also, cooling 
requirements are diminished by a range of insulation measures that are cost-effective due to 
savings in space heating requirements alone (see Part 5). 

We therefore assume a zero net economic cost for these downstream measures. 
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G. END-USE TECHNOLOGIES: WATER HEATING 

1. RESIDENTIAL SECTOR 

Baseline data and trends 

Electric water heating is provided by a number of technical systems: basement storage 
heaters, in-house storage heaters in the kitchen or bath, instantaneous water heaters in 
kitchen and bath, and air-to-water heat pump/basement storage heaters. 

In continental Western Europe, the in-house storage or instantaneous systems are 
predominant. In-house storage type units with their very short supply lines are preferred 
by some households over instantaneous units due to the ability to draw hot water 
immediately and with good temperature control through faucet adjustments. In the UK, 
basement storage heaters similar to the standard North American systems are widespread. 
Heat pump water heaters have only a very small market share in the EC-5. 

Reported average electricity use for hot water in the 1985 base year varies significantly 
within the EC-5, from as little as 800 kWh per household and year for Italy to as much as 
1500 kWh for France, with an average of about 1000 kWh/h-year. Within these averages, 
a considerable range of technical efficiencies can be found. Consumption values also differ 
significandy in terms of the type of residential building (single family versus multi-family), 
and in terms of user habits related to age, income, etc. 

Hot water consumption also depends on temperature settings, and these, in turn, are 
influenced by electricity tariff design. In countries where electric storage heaters are 
promoted through a low night-time tariff, higher temperature settings are required in the 
storage tank to supply hot water demands during the daytime without additional reheating 
during high tariff periods. 

Growth 

In the 1985 base year, the saturation of electric water heaters in the residential sector varied 
from about 18 percent in the Netherlands to 51 percent in Italy, with an EC average of 38 
percent. Significant increases in saturation levels have occurred since then in France and 
the UK However, due to the growing penetration of gas as the residential heating fuel and 
due to the availability of improved instantaneous gas-fired hot water systems, the further 
penetration of electric systems is likely to be limited. In fact, the reconversion of electric 
water heating systems to gas or district heating systems may be cost-effective when 
buildings are modernized or central heating systems are being replaced anyway. 

We assume that under business-as-usual trends, total residential electric water heating in the 
EC-5 region will increase by 65 percent in the period till 2020. This assumption reflects, in 
part, the emphasis on electrification of water heating in France. Electric water heating 
services double in France while they increase by only 25 percent in the other EC-5 
countries. 
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Overview of efficiency options 

An analytic framework for water heating efficiency improvements is developed in Krause et 
al. (1988) and Koomey et al. (1995c). The efficiency of water heating is measured by the 
energy factor of the system (defined as the energy delivered in the hot water at the tap, 
divided by total energy input). In storage systems, the energy factor is related to the 
recovery efficiency (the efficiency of producing hot water in the tank) and to the standby 
losses (which are the tank and line losses associated with keeping the water in the tank at 
the temperature necessary to be ready for use). 

Water heating can be made more energy-efficient by a range of measures that can be 
grouped into the following categories: 

— More efficient use of hot water 

— Lower storage temperatures 

— Heat recovery 

— Improved insulation and controls 

— Heat pumps 
Our analysis of these options is summarized in Table A. 10.3.33. In our economic cost 
calculations, we analyze the cost of conserved energy on the basis of annual useful energy 
requirements of 1000 kWh per household. This is the baseline average for 1985. Our 
average growth factor of 1.65 for 2020 accounts for increasing saturations of electric water 
heaters as well as for increases in the consumption of hot water per household. Insofar as 
some of the growth is in water use per household, our CCE calculations are based on 
conservatively low savings estimates. 

More Efficient Use of Water 

Options for using the hot water more efficiendy include: 

(1) Air-entraining taps on sinks and basins (faucet aerators), which wash 
equally effectively with up to two or three times less water than 
normal fittings; 

(2) Low-flow showerheads, which use up to two or three times less water 
than a normal mains-pressure showerhead;28 and 

(3) Dishwashers and washing machines which were specifically 
developed to use less hot water. 

In the U.S., low-flow showerheads that save about 30 percent of hot water for this use 
have become the legally mandated norm as of 1994. The market share of water-saving 
showerheads in Europe is still low, due to a lack of standards. Air-entraining taps are 
already quite common on mainland Europe. In the UK, these technologies do not work 
well with present hot water systems, but they should be adopted whenever facilities are 
converted to more modem mains-pressure plumbing. 

2 8 A compressed-air showerhead developed in the USA uses up to 10 times less hot water while delivering 
comfort comparable to standard showers. 
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Table A.10.333: Energy savings potential In water heating 

Baseline useful water heat 
Efficient hot water use 

Lower water temp. (65/60 to 50/45°C) 
Heat recovery 

Net useful heat 
Electricity for useful water heat 

In-house storage heater 
Basement storage heater 

Standby/control losses 
In-house storage heater 

Basement storage heater 
Annual energy use 

In-house storage heater 
Index 

Basement storage heater 
Index 

Instantaneous heater 
Index 

HP water heater replacing basemt storage heater 
Index re), to conv. basemt heater 

Economics of improvements 
Mote efficient showers/faucets extra cost 

Single measure CCE 
Lower water temp, extra cost 

Marginal CCE 
Insulation measures, extra cost 

Marginal CCE 
Ave CCE incl. previous measures 

HP water heater, extra cost over conv. basemt WH 
Single measure CCE 

Marginal CCE 
Ave CCE incl. efficient water use & temp, setback 

Heat recovery extra cost 
Marginal CCE 

Ave CCE incl. insul. & eff. water use 

Units 

kWh/hh/yr 

kWh/hh/yr 

kWh/hh/yr 

kWh/hh/yr 

DM 
Pf/kWh 

DM 
Pf/kWh 

DM 
Pf/kWh 
Pf/kWh 

DM 
Pf/kWh 
Pf/kWh 
Pf/kWh 

DM 
Pf/kWh 
Pf/kWh 

Existing 
stocks 

1985/88 

1000 

1000 

1000 
1000 

450 
750 

1450 
1.00 

1750 
1.00 

1000 
1.00 

Technology levd 

Market/ 
sales ave 
1985/88 

1000 

1000 

1000 
1000 

300 
500 

1300 
0.90 

1500 
0.86 

1000 
1.00 

Market/ 
sales ave 
1991/93 

1000 

1000 

1000 
1000 

350 
650 

1350 
0.93 

1650 
0.94 

950 
0.95 

667 
0.40 

Market/ 
best 
1993 

1000 
-100 
-180 

720 

720 
720 

298 
553 

1018 
0.70 
1273 
0.73 
810 

0.81 
288 

0.16 

-200 
-17.3 

0 
0.0 

80 
7.9 
-4.8 

Prototype/ 
advanced 

1998+ 

1000 
-100 
-180 
-216 
504 

720 
504 

298 
553 

1018 
0.70 
1057 
0.60 
810 

0.81 
288 

0.16 

1040 
8.0 
13.0 
6.0 

200 
16.3 
1.3 

(1) Purchasing power parity 1 DM = O.S ECU = 0.5 U.S. S. 
(2) Average life of water heater is 15 yean, of showerhead 10 years. 
(3) Assumed water use is 301 per person and day, or 751 per household and day. 
(4) Heat recovery savings apply only to conventional basement storage system 
(5) Temperature setback savings apply only to storage heaters 
(6) Instantaneous water heater savings from electronic controls 
(7) More efficient showers and faucets save 22.5 I/day in hot and cold water use, valued at DM 671000 liters. 
(8) Best current HP is based on integral water heater with an EF of 2.5. 
(9) Advanced HP is a remote unit with an EF of Z5. 
(10) Hot water savings from more efficient dishwashers and clothes washers are credited to those appliances, see Section E. 
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Consumer utility 

Experience with low-flow showerheads in the comfort-sensitive US hotel business has 
shown that well-designed low-flow shower heads do not negatively affect user amenity, 
provided that the early designs and cheapest models are avoided. Faucet aerators are 
already widely accepted because they cost little and improve amenity. 

In the case of showers supplied by storage-type systems, a significant take-back effect may 
occur. Households that habitually use all stored hot water during peak usage may utilize 
the new showerheads by taking longer showers until stored hot water is again used up. 

We conservatively estimate that savings of hot water across all end-uses from the above 
measures will amount to 10 percent in the EC-5. 

Economics 

Our calculations are shown in Table A. 10.3.33. The most expensive components are low-
flow showerheads. Highest-quality units with various settings for the spray cost about DM 
60, simple units less than DM 20. The cost of faucet aerators is less than DM 2-5. To 
these figures, installation labor must be added. More water-efficient washing machines and 
dishwashers contribute their savings at zero net capital cost, since extra first costs for these 
machines have already been accounted for in the corresponding sections of our analysis 
above. All in all, we estimate a generous DM 100 in first costs (including labor for 
installation). 

This figure needs to be corrected for water savings, which are realized both in hot and cold 
water use. Assuming German rates for water (6 DM/1000 liters) and savings of 10 percent 
of total hot and cold water consumption (equivalent to 22.5 1/day), the annual water bill 
saving is DM 50 — larger than the value of the annually saved electricity. Over a 10 year 
life, the net present value of these savings is 385 DM when using a five percent real 
discount rate. Thus, water bill savings are almost four times as large as the estimated costs 
of the measures. A further cost credit accrues upon replacement of the water heater in so 
far as a smaller-capacity storage tank will give the same level of comfort. 

We conservatively assume that water savings are worth only an average of DM 300 in the 
EC-5 region. The net cost of more efficient showerheads after accounting for water 
savings then is 100-300 = -200 DM on a net present value basis. Assuming further that hot 
water savings are 15 percent or 150 kWh before take-back effects reduce them to the 10 
percent or 100 kWh shown in Table A. 10.3.33, the net cost of conserved energy then 
becomes -17 Pf/kWh. Ignoring any such capital and water cost savings, the measures give 
a CCE of about 9 Pf/kWh. 

Lower Storage Temperatures 

This option is mainly relevant for storage heaters, since these are often set to operate at 
higher temperatures that are dictated by utility rates, not by user amenity. Instantaneous 
heaters and heat pump water heaters already operate at lower temperatures. We do not 
assume setback savings for these systems. 
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In addition to reducing storage stand-by losses, lower temperatures also can mean a more 
efficient utilization of the useful heat delivered to the water. This is because a number of 
operations with hot water (e.g. rinsing) are volume-related, not energy-related (Elmroth 
1989). That is, the volume of water used is the same whether it has been heated to 50 or to 
70°C. Hand-hot water at 50°C is also safer than scalding water at 65-70°C. Anything 
hotter needs dilution before use. Therefore, one can also improve energy efficiency by 
lower hot water storage temperatures. 

The most important result of reduced water temperatures is smaller conduction losses from 
the storage tank. The energy saving is about 10% per 5K reduction, so that a EIF of 0.8 is 
possible on going from 60-65 to 50°C. However, very low water storage temperatures 
can be counterproductive, because a considerably larger volume of hot water is used, and 
energy use starts to rise again. 50°C is about optimum (Elmroth 1989). 

Economics 

We estimate energy savings from temperature setbacks to be 18 percent or 180 kWh per 
water heater and year (Table A. 10.3.33). In theory, lower storage temperature would 
require a larger storage tank, and would thus have a capital cost. However, if temperature 
setbacks are combined with water conserving showerheads and other measures for making 
hot water use more efficient, this capital cost is largely or completely avoided. We assume 
the net CCE to be zero. 

Heat Recovery 

We class waste heat recovery as advanced technology, not because it is fundamentally new, 
but because systems developed to date need further refinement. Where it is applied (e.g., 
in shower floors), heat recovery saves another 30-40%, even taking account of some water 
flows (e.g.) sinks, dishwashers, washers) being unsuitable. In the case of heat pump 
systems, recuperation could be done by placing the unit's evaporator into the warm water 
stream. We do not assume such further savings. 

Economics 

The CCE of a system developed in the UK after the first oil crisis (Smith 1975), updated to 
present prices, was 4 Pf/kWh. Unfortunately, this estimate must be considered much too 
low, at least for residential applications. The maintenance of the tank and extra plumbing 
which are needed in the systems' present form is a messy operation, and better systems 
need to be engineered. 

When water-saving showerheads and faucets, temperature setbacks, and heat recovery are 
applied at once, tie useful energy required from a storage-type water heater could be 
reduced by 50 percent We assume that heat recovery can save 30 percent and is applied 
after efficient showerheads and after temperature setbacks. On that basis, heat recovery 
will reduce useful energy requirements by an average of 216 kWh (Table A. 10.3.33). The 
marginal cost of heat recovery savings is then 16 Pf/kWh, based on a DM 200 cost. 

The CCE for a package of measures including more efficient shower heads, temperature 
setbacks, insulation and controls, and heat recovery can be as low as about 1 Pf/kWh (not 
shown in Table A. 10.3.33). The low average CCE arises on account of the large credits 
earned by the water saving measures. 
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Storage tank insulation and water heater controls 

Insulation measures for water heaters are analogous to the improvement of building shells 
and space heating systems. Water tanks are maintained 30°K hotter than their 
surroundings, so the level of insulation that is optimal in water tanks will be of the same 
order as building shells or higher, since the tanks operate all year while building shell 
insulation is needed only during the heating season. Applicable measures include: 

(1) Improved thermal insulation of storage tanks, up to 150-200 mm 
mineral fiber or even more, from present day thicknesses of a quarter 
or a third as much; 

(2) Insulation of distribution pipes. This is rarely done today; 

(3) Anti-thermosyphon valves, to prevent heat loss by convection; 

(4) Measures to reduce losses when pipes cool down between periods of 
hot water use, such as narrower plumbing, within limits; 

(5) Time controls. 
The increase in standby losses in Table A. 10.3.33 for equipment newly sold in 1991/93 
compared to new equipment sold in 1985 is attributed to recent efforts to phase out 
chlorofluorocarbons (CFCs). However, most of the potential from thicker insulation 
remains, and improved insulation materials based on vacuum techniques are likely to 
become available soon. Heat traps plus 5 cm polyurethane foam insulation or its equivalent 
can be expected to save 5-8 percent relative to water heating based on average storage units 
sold today (US DOE 1993c). 

When users of instantaneous systems change over to storage water heating, there is both 
great scope and a great need to apply best available technology. Otherwise, energy use 
may rise 15-20% because of storage losses and because more hot water is used when it is 
instantly available (TEA 1989). 

Unlike in the UK and Scandinavia, a fair number of water heating systems on mainland 
Europe are instantaneous. Electronic controls are important here. They save about 10 
percent of electricity (ARGE 1993). This saving is due to better adjustment of hot and cold 
mixes to yield desired temperature, and to greater ease in adjusting required temperature 
levels. 

In combination, the above measures can be expected to save about 15% of water heating 
energy (Olivier et al 1983, Perlman 1987, Freifelder 1988). Assuming a 1991/93 sales 
average baseline standby loss of 350 kWh/yr for storage heaters that are mounted in-house, 
and of 650 kWh for basement storage heaters, savings are about 50 kWh and 100 kWh per 
yeax, respectively. 

Economics 

A detailed analysis of cost-effectiveness of improved storage heaters (US DOE 1993c) 
suggests that more effective insulation and heat traps in new storage tanks can be added at a 
cost of about 60-80 DM (manufacturer cost plus 50 percent mark-up), depending on 
whether the larger insulation thickness creates installation problems with door widths in 
buildings. The resulting CCE is about 8 Pf/kWh for basement storage heaters (Table 
A. 10.3.33). 

Page A. 10.3.152 



Heat Pumps 

Several types of electric heat pumps can replace resistive water heating systems. Both add
on heat pumps for retrofits of existing basement water heaters and integral heat pump units 
are being offered commercially. Add-on systems achieve an energy factor of 1.5, and are 
representative of units sold in the base year. Integral storage/HP units now achieve an 
energy factor of 2.5, and are best commercially available technology for the 1991/93 
period. 

Advanced, third-generation units developed by the U.S. Electric Power Research Institute 
(EPRI/E-Tech) use a down-sized remote HP. A strong fan is used to blow air across the 
evaporator, which greatly increases installation flexibility. In early prototypes, lower costs 
were traded off with a lower energy factor of 1.5 (USDOE 1993), but new units now on 
the market have achieved an EF of 2.4 in standardized tests. (Turiel et al. 1994). 

Indirect effects 

Many of the electric heat pump systems for hot water do not use the outside air or ground 
as a heat source, like their space heating counterparts. Instead they take heat from the 
building interior; e.g., a cellar. They therefore have a space cooling effect. This will cause 
space heating energy to go up, and may increase total annual space conditioning costs in 
residential buildings in heating-dominated climates (see also Section B above). 

Other heat pump units rely on exhaust ventilation air. This type of heat pump is an 
alternative to an air-to-air heat exchanger, which is usually a cheaper solution. Also, heat 
pumps presendy compete with heat exchanger systems for waste heat recovery from warm 
gray water. We are aware of no measurements of a system which combines both, or uses 
the warm waste water as the heat source for a heat pump. 

Economics 

The cost-effectiveness of heat pump water heaters in residential applications strongly 
depends on the amount of electricity used for heating water. The analysis shown in Table 
A. 10.3.33 assumes average consumption values for a basement storage system in the EC-5 
of 1650 kWh per year. This figure corresponds to the ca. 1991/93 sales average as given 
in ARGE (1993). Heat pumps sold in 1991/93, with an average energy factor of 1.5, 
reduce this consumption to 667 kWh/yr. With a state-of-the-art energy factor of 2.5, a heat 
pump can deliver the same hot water with an electricity input of only 1000/2.5 = 400 kWh, 
corresponding to a 1250 kWh saving. If a heat pump is applied after efficient shower 
heads and temperature setback measures have been taken, electricity use is lowered to 288 
kWh, but marginal savings are only 770 kWh/yr. 

With typical installed costs of more than 2500 DM per single family unit, and DM 1500 per 
dwelling for multifamily buddings,29 and with a state-of-the-art energy factor of 2.5, costs 
of conserved energy range from 12-19 Pf/kWh when installation of the HP is the only 
measure taken, to 21-35 Pf/kWh when cheaper measures are implemented first. These 
high costs explain why the market share of HP water heaters has been negligible in the 
past. 

2 9 Feist (1987) gives a capital cost of DM 9000 for a six unit multifamily building in the FRG. 
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With advanced units, costs drop sufficientiy to make this technology more attractive. In its 
analysis of the proposed 1998 water heater standard, USDOE (1993) gives a manufacturer 
cost of 210 $(1989) for the remotely installed E-tech unit. After adding a 100 percent 
manufacturer mark-up and $100 for installation costs, the installed HP cost becomes DM 
1040 (in 1989 prices), or roughly half the cost in the base year. The corresponding single 
measure CCE is now 8 Pf/kWh, while the marginal CCE after cheaper measures is 13 
Pf/kWh. 

These averages hide the considerable variation in cost-effectiveness that may occur as a 
result of household size or other factors. In single family homes, where baseline 
consumption per household and year may easily be twice as high as in our average 
dwelling unit, the marginal CCE (after implementing cheaper measures) drops to about 7 
Pf/kWh. Thus, heat pumps could be a highly cost-effective measure in these households. 

Of course, the inverse is true for households with smaller consumption. By relying on an 
average figure in our analysis of cost-effective potentials, we somewhat underestimate the 
total cost-effective savings potential in electric water heating. This is a conservatism in our 
analysis. 

Summary: Residential applications 

Our energy intensity factor for residential water heating is based on the assumption that 20 
percent of total water heating loads can be cost-effectively supplied by the water efficiency, 
setback, insulation, and heat pump measures, at an EIF of 0.16 as shown in table 
A 10.3.33. Assuming this package of measures is applied only in households with high 
water consumption, the marginal cost of savings is 8 Pf/kWh, and the average CCE 4 
Pf/kWh. 

For the other 80 percent, we assume that only the conventional measures are cost-effective. 
The EIF there is 0.73 (representative of basement storage heaters, see Table A. 10.3.33). 
The marginal CCE is 7.9 Pf/kWh, and the average CCE of a package of measures as might 
be sponsored in a utility incentive program is -4.8 Pf/kWh on account of saved-water 
credits. 

In combination, the weighted EIF for all residential water heating then becomes 0.2*0.16 + 
0.8*0.73 = 0.61. The average CCE then becomes -3.0 Pf/kWh. 
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2. COMMERCIAL SECTOR WATER HEATING EFFICIENCY 

For the commercial sector, we assume hot water requirements to be 2.13 fold higher in 
2020 than in 1985. The growth factor, which varies somewhat from country to country, is 
assumed to be the same as that for process energy requirements. Process energy 
requirements grow significandy due, in part, to the ongoing shift of physical activities and 
cooking and other services from the residential sector to the commercial sector (see Section 
H below). 

In the commercial sector, many applications offer more favorable economies of scale than 
residential buildings. For example, restaurants, laundries, hospitals, and other entities use 
large amounts of water each day. In these applications, heat recovery systems and heat 
pumps often offer more favorable economics. As a result, the range of worthwhile 
electricity savings is considerably extended. However, non-electric water heating is also 
more prevalent, and fuel switching to gas is often economically more attractive. 

The lack of data on current end-use patterns makes estimates necessarily more speculative. 
We assume that half of all water use could be shifted to the heat pump package (EIF 0.16), 
and the other half to the non-HP package including heat recovery (EIF 0.6). This yields an 
average EIF of 0.38, with an average CCE of 3.5 Pf/kWh for the packages of measures. 
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H. END-USE TECHNOLOGIES: PROCESS USES OF 
ELECTRICITY 

Electricity for process heat includes a large range of applications, including industrial uses 
for process heat, electrolysis, welding, and a variety of metal working tasks. In the 
residential and commercial sectors, cooking is the most prevalent end-use. 

1. INDUSTRIAL PROCESSES 

In our analysis of industrial electricity savings potentials, we separate process-related 
savings from cross-cutting measures, such as improvements in lighting and electric motor 
drives. The cross-cutting measures are discussed in other sections of this report. The 
following discussion is limited to process-related electricity savings. 

A complicating factor in estimating electricity savings from process changes is that new 
processes for producing specific industrial products affect both the use of electricity for 
thermoelectrical and electrolytic functions and the use of electricity for motor drives. 

To calculate the effects of process changes it is thus necessary to start from baseline data-
that indicate not only the amount of electricity used for thermoelectric and electrolytic 
functions, but also the amount of drive power that is directly associated with a specific 
process. In some instances, this means more electricity will be required per ton of product 
as a new process technology is introduced. In other instances, less electricity is required 
with the new process. What effects result on balance once the proper statistical weights 
have been assigned to each situation can only be derived from a detailed, industry-by-
industry analysis.30 

In addition, one must take into account structural changes in industrial output. Thus, 
meaningful energy-efficiency factors need to be derived on the basis of explicit scenarios 
for the future mix of industrial output. This overall analysis is found in Part 6 of the 
IPSEP study. Readers are referred to this report for further details. 

3 0 In the following analysis, all motor drive savings are due to inherent changes in the process for 
producing a particular product They are not due to cross-cutting drive efficiency measures, such as variable 
speed drives, etc. These measures are separately analyzed and applied to motor electricity use after the 
process changes have been accounted for (see Section I). 
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Base year electricity consumption for processes 

Of the total base year industrial electricity consumption of 468 TWh, 25 percent or 118 
TWh were for thermoelectric and electrolytic functions. Furthermore, about 55 percent of 
industrial motor drive consumption can be directly assigned to specific processes. 

Table A. 10.3.34 (Table A. 13.26 from industry chapter) shows electricity use for motor 
drives and process functions in the basic materials industries. Total process-assigned EC-5 
electricity consumption was 183 TWh in 1985. Fully 42 percent of electricity requirements 
were for thermoelectric and electrolytic functions. The dominant applications were steel-
making, production of aluminum and other non-ferrous metals, and the production of 
inorganic chemicals, notably chlorine, oxygen, and fertilizer production. 

Electricity savings from process innovations 

Table A. 10.3.34 shows process-related changes in motor drive requirements and 
thermoelectric or electrolytic electricity requirements over the 1985-2020 period. 

Due to a scarcity of consistent data, most energy efficiency potentials have been derived on 
the basis of average base year plant conditions in the FRG. This practice results in 
conservative estimates, since German plant is in many cases relatively modern compared to 
that in other EC-5 countries, for example, the UK. 

Steel making 

In steel making, new processes based on hot charge, direct rolling, thin slab casting, and 
strip-casting reduce production steps and thus drive power requirements by almost 40 
percent relative to average existing plants. 

At the same time, output from electric steel furnaces rises by 50 percent over the time 
horizon of our scenario study, which substantially increases thermoelectric requirements. 
However, various energy efficiency measures are realized in electric steel-making itself, 
and in the milling processes downstream (see Part 6). The net result is that thermoelectric 
requirements rise by only twelve percent per unit of product 

Inorganic chemicals 

In inorganic chemicals, our scenario assumes disproportionately strong growth (41 
percent) for chlorine production, which is highly electricity intensive, while the average 
output of inorganic chemicals increases by only 7 percent This structural change results in 
an average 18 percent frozen-efficiency increase in electrical process requirements. 

However, the average electricity intensity per unit of inorganic chemical product declines 
by 56 percent. In large part, this steep reduction is due to the substitution of the ethylene 
dichloride process for conventional soda ash production. This substitution results in the 
production of chlorine as a byproduct. The chlorine can be used for polyvinyl chloride 
production, thus substituting for the separate, very electricity-intensive production of 
chlorine in dedicated chlorine plants. In addition, new processes for chlorine plants offer 
substantial electricity savings. 
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Table A.10.334: Savings in motor-drive and 

Iron and steel 

Non-ferrous metals 

Inorganic chemicals 

Organic chemicals 

Non-metallic minerals 

Pulp and paper 

Total 

Electricity use in 1985 

Motor drive 
TWh 

30.4 

4.0 

23.9 

6.7 

10.0 

30.9 

106 

1.00 

Process 
TWh 

16.5 

26.9 

26.9 

3.9 

25 

11 

LOO 

process electricity from materials industry process improvements, EC-5 1985-2020 

Electricity use in 2020 

Frozen efficiency Technical potential 

Motor drive Process Motor drive Process 
TWh TWh TWh TWh 

30.2 24.8 18.4 27.8 

3.4 30.9 3.2 21.2 

24.2 35.8 23.0 15.9 

9.8 3.9 8.9 32 

12.6 25 10.4 35 

515 45.4 

132 98 109 72 

1.25 128 1.03 0.93 

Energy Intensity factor 

Technical potential 

Motor drive Process 
TWh TWh 

0.61 1.12 

0.92 0.69 

0.95 0.44 

0.91 0.82 

0.83 1.38 

0.88 

0.83 0.73 

Gross DSE resource 

Motor drive 
TWh 

12 

0 

1 

1 

2 

4 

19 

Process 
TWh 

-2 

8 

15 

1 

-1 

21 

(1) For further details see Part 6 of the IPSEP study. 



Aluminum production 

In the non-ferrous metal industries, a significant reduction in electricity requirements arises 
from structural changes. The shift from electricity-intensive primary aluminum to fuel-
based secondary aluminum production results in a decline in the electricity intensity of non-
ferrous metal production, even before technical changes are considered. Whereas total 
tonnage output of the three non-ferrous metals analyzed here increases by about a third, 
electricity requirements grow by only 11 percent. By contrast, fuel consumption grows 
slightly faster than metal output. 

The Alcoa process offers a reduction of electricity requirements by one third, by replacing 
the electrolysis of molten aluminum oxide by molten aluminum chloride. The process is 
demonstrated but requires some refinements. Similar if somewhat smaller savings (15-
25%, see Maier, Angerer, et al. 1986) can be achieved through the retrofitting of 
conventional plants with T1B2 electrodes. Electricity savings in the electrolytic process 
itself also lead to small additional savings from lower rectifier losses. We assume that 
these new process technologies will be widely introduced if appropriate policy incentives 
are put into place, and that electricity consumption can be cut by a third relative to a frozen 
efficiency forecast (EIF 0.67). 

Improved materials efficiency 

The reductions in electricity intensity from changed processes are augmented by savings 
due to more efficient use of energy-intensive materials. Such improvements can occur 
through recycling, remanufacturing and re-use, and through source reduction from better 
product design. Because recycling can involve significant shifts between electricity and 
fuel inputs relative to the conventional process, it is important to consider fuel and 
electricity savings separately. Our analysis in Part 6 shows that in combination, the various 
materials efficiency options allow an 11 percent reduction in electricity intensity when 
averaged across all sectors (EIF 0.89). 

Total electricity savings potential from process changes 

Considering only process changes, our analysis results in a weighted average reduction in 
electricity intensity for electric motor drive power of 17 percent relative to frozen-efficiency 
requirements (EIF 0.83).31 In thermal and electrolytic applications, the reduction is 27 
percent (EIF 0.73), for a combined weighted average 21 percent saving in process-
assigned electricity use (EIF 0.79). We extrapolate this figure, which was derived from an 
analysis of the primary materials industries only, to all industrial sectors. When combined 
with the effects of more efficient use of materials, the combined average reduction becomes 
30 percent (EIF 0.70). 

Costs of conserved energy 

The following discussion outlines various accounting issues that arise in calculating the net 
costs of industrial efficiency improvements. 

3 1 Frozen efficiency requirements take account of growth in industrial production between 1985 and 2020, 
but hold the energy intensity per unit of product constant (see Part 6). 
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Gross versus net costs 

In assessing the cost impacts of process innovations and other process energy efficiency 
technologies, the following cases can be distinguished: 

In the most favorable cases, the capital cost of the new process is actually lower than that of 
the conventional technique, and energy is saved at a negative net cost An example for this 
situation is the gas-phase polymerization of polypropylene. This new technique eliminates 
several process steps related to dilutants, solvents, and the centrifuging and drying of the 
polymer that are found in the conventional suspension process. The result is a 40 percent 
reduction in capital costs, a 20 percent reduction in overall production costs, and a 40-80 
percent reduction in energy requirements (Maier et al. 1986). Similarly, the membrane 
process is estimated to produce chlorine for DM 70-80/ton less than older processes. 

Cross-cutting techniques for improved process design and control based on heat exchange 
among material flows also generally fall into this low-cost category. In new plants, such 
integration reduces the size of required columns, reactors, and related apparatus, and thus 
total capital costs. 

In other cases, the new process brings increased capital costs, but payback times are so 
short as to make these investments definitely attractive, even under restrictive industry 
criteria (payback times of less than 3-5 years) for energy efficiency investments. An 
example is the improved vinyl chloride plant based on modified chlorination and tail gas 
heat exchangers, which has a payback time of about one year even when compared against 
the price of imported coal (Maier et al. 1986). 

In still other cases, the investment for a modernized plant is justified by energy savings 
alone when evaluated from a societal point of view, but does not meet typical industry 
decision-making criteria of payback requirements of less than three to five years. Art 
example is the low energy concept for producing monostyrene discussed in Part 6. 

The same example illustrates the importance of secondary production benefits. When the 
improved yields of the low energy monostyrene process is taken into account, payback 
requirements fall within the range of industry requirements (Maier et aL 1986). 

Retrofits versus new plants 

It is important to point out that all cost of conserved energy figures cited below refer to 
situations in which a new or replacement plant is built. Considerably higher costs (and 
smaller energy savings) may arise if a new process is retrofitted in an existing plant.32 

Given the longer time horizon of our scenario study, these higher retrofit costs are only of 
secondary importance here, since most industrial plant will need to be rebuilt by 2020. 

Results 

Our analysis in Part 6 shows that the average costs of conserved electricity for process 
innovations is 3.2 Pf/kWh in our low estimate and 4.2 Pf/kWh in our high estimate 
(excluding corrections for program administration costs and T&D benefits). 

32 See the case of a steel mill retrofit as analyzed by Worrell et al. (1993), as discussed in 
Part 6 of the IPSEP study. 
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2. COOKING IN THE COMMERCIAL AND INSTITUTIONAL SECTOR 

Baseline patterns 

In restaurants and cafeterias, typically 75 percent (with a range of 60-90 percent) of total 
energy use occurs in the kitchen. Cooking energy use also includes indirect uses for 
operating hoods, ventilators, and space conditioning for the kitchen. 

Cooking may be divided into three general processes: dry heat cooking, moist heat 
cooking, and frying. Dry heat cooking involves baking and roasting, broiling, etc. It 
involves ovens (natural or forced-convection, deck, mechanical, moving rack), and 
broilers. 

Moist-heat cooking (steaming, braising, boiling, and stewing) is performed by steam-
jacketed kettles, compartment steamers, and braising pans and skillets. Frying (surface or 
deep frying) is done with grills, griddles and deep-fat fryers. The most widely found 
cooking equipment types in the commercial sector are fryers, ovens, ranges, and grills. 

Equipment and factors affecting efficiency 

The factors influencing energy consumption are warm-up energy, idle energy, and cooking 
energy per se. A separate energy efficiency can be assigned to each of these three phases. 
In all cases, both equipment choice, type and quality of automatic controls, and user 
training are important. Indirect energy use is influenced by exhaust hood design, and by 
the manner of providing make-up air. 

Efficiency options 

There is great scope for more energy-efficient cooking outside the domestic sector. 
Besides new technologies, training of cooking personnel is of particular significance. 
Unfortunately, adequate energy consumption data are lacking for most food service 
equipment. In general, the sales and distribution personnel and even the manufacturer may 
know little about the annual energy use of equipment. 

Training and kitchen management 

The great scope for behavioral savings is indicated by the fact that many times more 
electricity or gas is used to cook a meal in the commercial sector than the domestic sector— 
for example, six times more in the UK In the commercial and institutional sector, cooking 
staff rarely have a direct responsibility for energy costs. 

Improved management and training can give significant savings, still at minimal cost. 
From field experience in the UK and elsewhere, it is standard for 20% of electricity to be 
saved just by brief education of the users; for example, not to turn everything fully on and 
then leave it on for the whole working day. In combination with some new equipment, gas 
or electricity use was cut by 50 percent in many cases (Sutcliffe Group 1986). 
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More efficient cooking technologies 

If newer technology (EPRI 1992b) is more widely-used, intrinsic energy savings of at least 
30% can be expected. These are technical rather than management improvements, and 
therefore apply in addition to the operating improvements in the last paragraph. 

Ovens and cooktops. Types and thickness of insulation and quality of door seals vary 
significantly among ovens. Some smaller toaster ovens still have only an air gap between 
the oven and the case. Older ovens may require as much as three times as much energy as 
new ones. 

Choice of ovens also plays a role. Many cooking operations can be performed adequately 
by standard ovens, convection ovens, or microwave ovens. Convection electric ovens use 
about 30% less energy than normal ovens. In conveyor ovens, air impingement 
technology and air recirculation strategies can yield similar reductions in energy use. 
Electric induction cooktops can yield energy savings of as much as 40 percent compared to 
standard electric cooktops. 

Griddles. Typically, more than 80 percent of commercial griddle energy use occurs in idle 
operation. To reduce heat losses from the griddle, the surface may be made of polished 
chrome or other low-emissivity polished surfaces, reducing losses by 20 percent. 
Insulation around the edges and below the griddle is applied in some models. 

Larger savings can be achieved with so-called duplex or clam-shell griddles. These units 
have a hinged hood that can be closed over the griddle. The hood contains quartz tubes or 
other heating elements. These griddles cook from the top and bottom at the same time, 
cook faster, and thus can be smaller in cooking surface. They can save as much as 80 
percent of conventional griddle energy consumption. 

A variation of the electromagnetic induction technology has been applied to electric 
griddles. In these units, power is sent only to those portions of the griddle where 
temperature has dropped below a predetermined value, due to imposition of a cooking load. 

Fryers. Most frypots have only an uninsulated airspace between the frypot and the case, 
but improved electric fryers are available that use solid-state temperature control, insulated 
frypots, and better design. Going a step further, ways have been developed to reduce 
electricity consumption for certain fast foods by 80%, by passing a current directly through 
the food (Lovins 1990). 

Kitchen hoods. Optimally designed hoods will reduce fan and duct equipment costs and 
fan operating costs. Exhaust flows can be reduced if a cookline located against the wall is 
equipped with closed sides at the ends. Outside make-up air can be supplied in a short 
circuit that feeds directiy into the hood. Also, variable speed control systems now exist for 
kitchen exhausts. These systems measure the temperature and opacity of the air in the hood 
and adjust the fan speed accordingly. 
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Average EIF 

Our assumed EIF across all cooking applications is 0.6 for commercially available methods 
and 0.4 when including advanced technology. 

Economics 

Like industrial and commercial electric motor drives, cooking equipment is used 
intensively, meaning that the value of the annual energy passing through the equipment is a 
significant fraction of the first cost of the equipment. Also, low-cost training measures can 
lead to significant savings. As a result, costs of conserved energy are comparatively low. 
Estimates by Fickett et ad. (1990) arrive at a cost of 2.8 Pf/kWh. Taking into account the 
higher EIF adopted here, and the higher CCE's expected for advanced improvements 
(Lovins 1990), we assume a CCE of 4 Pf/kWh. The same EIF and cost figure is used for 
best commercially available technology and advanced technology. In the high case, these 
CCEs are increased by 50 percent to 6 Pf/kWh. 

3. COOKING IN THE DOMESTIC SECTOR 

Baseline trends 

In most European countries, electric cooking energy use is heavily dominated by the use of 
the cooktop range. For example, the range accounts for 85 percent of total consumption in 
Germany, and only 15 percent is for oven use. 

The traditional cooking range has hot plates with high thermal mass. To shorten cooking 
times, red-hot tubular rings with high radiative losses were introduced. More recently, 
halogen lamp cook tops have been introduced that offer better control and faster heating. In 
Germany, some 75 percent of newly purchased equipment is of this type (ARGE 1993). 

Also, with more fragmented family lives and with greater consumption of frozen foods and 
meals, microwave ovens have become popular. They now are found in close to half of 
Western Europe's households. Overall, equipment choice is driven by time savings and 
convenience as well as cooking results, rather than minimum life cycle cost. 

In the UK households, even those which have gas cooking, the bulk of water which is 
used to produce hot drinks is boiled in electric kettles with built-in elements. This end use 
is significant, but is often counted as an appliance, not a cooking load, in UK statistics. It 
is thought to use an average 250 kWh/year per household, which is nearly as significant as 
the average amount of electricity used for cooking in the oven and on hotplates. These 
kettles are much less common in other EC countries. 
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Energy efficiency options 

The scope for more energy-efficient electric cooking in European households has been 
analyzed by Norgard (1989). Savings potentials can be grouped into three areas. One is 
better pots and pans, the second is better ranges and ovens, and the third is direct 
application of electricity to pots and pans rather than via the range. 

Improved pots and pans 

Insulated pans are commercially available and offer distinct advantages of amenity in that 
they keep food warm for hours. Pressure cookers add the further advantage of reduced 
cooking times by more than half while cutting energy requirements by 30 percent 

Improved ovens 

Newly purchased ovens in the FRG have been improved by about 22 percent in the period 
from 1978 to 1991 (ARGE 1993). Most of these savings came from better insulation 
including multiple glazing in the door. Also, convective ovens that work at lower 
temperature have reached a significant market share. 

For an estimated 90 percent of cooking, the full-sized ovens found as standard equipment 
in kitchens is not needed. Prototypes of a small (10 liter), well-insulated oven insert has 
been shown to save 50 percent of oven energy use. Ovens also differ by insulation and 
seal quality. 

For some cooking operations, microwave ovens not only save time, they also save some 
energy, by delivering heat directly to the food without the intermediary of water or oil. 
However, the magnetron that generates the microwaves is only about 60 percent efficient. 
Therefore, energy savings are modest. 

Pots and pans with built-in elements 

A significant portion of cooking energy is used for heating water. Electric kettles are more 
energy-efficient than boiling water on electric hotplates, where typically half the energy is 
lost to the kitchen environment The wider use of built-in elements in the EC-5 could 
improve water boiling efficiency from 45-50% to 75-80%, a 40% saving. 

Pots and pans with built-in heater elements are also used for other foods, cutting electricity 
consumption by a similar percentage. 

The energy efficiency of electric kettles can itself be improved by several measures. These 
include: redesign to allow a smaller quantity of water to be boiled, which has happened in 
the newest kettles; an automatic switch which turns off sooner after boiling; better 
insulation of the container; and a dual thermostatic control which can be set to heat water 
not to 100°C if coffee is being made but 85°C - the optimum for this drink. The first of 
these measures is the most important Combined, they could save as much as 50%. With 
complete conversion, the overall energy intensity factor (EIF) from both wider use and 
improved design of kettles would be 0.3. 

Page A.10.3.164 



Overall energy intensity factor 

We assume that the adoption of kettles and pans with built-in heating elements, combined 
with insulated pots and better ovens, can yield an EIF of 0.4. 

Economics 

If one compares 1) the total capital cost of a conventional full-sized oven with four 
hotplates and associated pots and kettles with 2) the cost of several pots and pans with 
built-in elements plus a smaller hotplate, the above improvements would in many cases 
have a zero net capital cost 

Also, more efficient cooking (and more so, a switch to gas cooking) has peak load 
reduction benefits for utilities. For example, millions of kettles are switched on within a 
few minutes at the end of popular TV programs. With individual loadings of 2-3 kW, the 
rate of increase in the UK's demand for electricity has been measured in gigawatts per 
minute. On account of these indirect factors, the cost of conserved energy from cooking 
efficiency might well be zero. 

As a conservatism, we assume that energy efficiency improvements in residential cooking 
will be 25 percent more expensive than in the commercial sector. This results in a CCE of 
5 Pf/kWh (low case, 50 percent higher in the high case). 
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I. END-USE TECHNOLOGIES: ELECTRIC MOTOR DRIVES 

Electric motors are the single largest consumer of electricity, accounting for roughly a third 
of total electricity use. Some motor drives, like those for air conditioning systems in public 
and commercial buildings, and for refrigerated cabinets in retail stores, are among the most 
rapidly-growing uses of electricity in the EC-5 region. The amount of primary energy 
required to generate electricity for motor drives is about as large as that required to run the 
entire transport sector. This magnitude indicates that estimates of the potential for 
efficiency improvements in the economy at large, and even more so in electricity use, 
depend heavily on efficiency options for motor-driven end-uses. 

For the same reasons, motor drives play a central role in explaining the aforementioned 
discrepancy between alternative estimates of electrical efficiency potentials. For example, a 
study done for the International Energy Agency (IEA 1989) concludes that the unrealized 
technical potential of electric drive efficiency amounts to a saving of only 10 percent less 
than a third to a fifth of the potential found in a study by Lovins et al. (1989). The 
following discussion will clarify for the European context which of these figures best 
represents current state-of-the-art technology options and efficiency analysis. 

1. BASELINE DATA 

An accurate assessment of motor efficiency potentials is not possible at the present time due 
to a lack of data on the types of loads they serve. In the absence of carefully designed field 
surveys and actual measurements, only rough estimates can be developed. These are 
derived on the basis of published equipment specifications and test data, complemented by 
in-depth interviews with manufacturers of motors, motor-driven equipment and various 
electricity-saving devices. 

This type of field-experience oriented estimation yields, in the case of the U.S. study by 
Lovins et al. (1990), a 36 percent variation from the mean. This large uncertainty band in 
motor drive efficiency potentials stems principally from baseline data problems, and not 
from uncertainties as to how the various more efficient technologies perform. 

In Table A. 10.3.35, we show a breakdown of motor electricity use by several broad 
categories of motor types and loads. The motor types are important because not all motors 
and not all load patterns offer the same savings opportunities. 

Types of motors and loads 

The most important category are three-phase induction motors. This type of motor is by far 
the dominant one. Its speed is fixed by the motor design and the power supply frequency. 
These motors run most pumps, fans, blowers, and a host of other equipment They are the 
work horse of the industry, and account for the majority of electricity consumption in 
drives. 
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Table A.10.3.35: Potential of efficiency improvements in EC-5 electric motor drives 

1985 baseline use at meter (TWh/yr) 
industry 

small consumer sector 
Meter/motor distribution losses (TWh/yr) 

Snare of load types, multi-phase AC motors 
industry 

small consumer sector 

Share of total ind.& comm. drive consumption 

1. High efficiency motors 
best efficiency motors, direct savings 

indirect savings: avoided rewind damage 
indirect savings: oversize correction 

2. Electric supply/oper. Improvmts 
phase imbalance corrections 

voltage supply correction 
motor power factor corrections 

supply waveform correction, housekeeping 

Combined savings (additive) 
Remaining electricity requirements (TWh) 

Industry 
Small consumers 

3. Motor controls 
switch-off during prolonged idling 

Remaining electricity requirements (TWh) 
ASDs and/or PFCs 

Remaining electricity requirements (TWh) 
fast-controllers 

Remaining electricity requirements (TWh) 
industry 

small consumer sector 

3-phase A C motors DC-motors 

Variable 
loads, ASD-

ASD-un- < Constant bad 
suitable ASDandPFC 

suitable PFC suitable 

135 
110 
26 

7 

0.53 
0.50 
0.70 

0.34 

-7.1% 
-3.0% 
-2.3% 
-1.8ft 

-5.1% 
-1.1% 
-3.0% 
-0.6% 
-0.4% 

-12.2% 
113 

92 
21 

112 
-29.3% 
80 

79 
64 
15 

38 
33 
5 

2 

0.15 
0.15 
0.15 

0.10 

-7.1% 
-3.0% 
-2.3% 
-1.8% 

-5.1% 
-1.1% 
-3.0ft 
-0.6% 
-0.4% 

-12.2% 
32 

27 
5 

32 
-27.0% 
23 

23 
20 

3 

unsuitable 

82 
77 
5 

4 

0.32 
0.35 
0.15 

0.24 

-7.1% 
-3.0% 
-2.3% 
-1.8ft 

-5.1% 
-1.1% 
-3.0% 
-0.6% 
-0.4% 

-12.2% 
69 

64 
5 

68 

68 

68 
64 
5 

and misc. 

120 
103 
17 

6 

0.32 

-6.3% 
-2.2% 
-2.3% 
-1.8% 

-0.9% 
-0.9% 

-7.2% 
106 

91 
15 

106 

106 

105 
90 
15 

Total 

377 
323 
54 

19 

1.00 

-15.1% 
320 

274 
46 

-0.4% 
318 

-13.0% 
277 
-0.3% 
276 

238 
38 
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Table A.10.3.35 (CONTINUED) 

4. Mechanical drivetraln imprvmts 
improved belts, lubricants, gears.couplings 

Remaining electricity requirements (TWh) 
industry 

small consumer sector 

Index (baseyear=1.00) 

industry 
small consumer sector 

5. Improved machinery 
Optimized pumps, fans, presses, cutters, etc. 

Remaining electricity requirements (TWh) 
industry 

small consumer sector 

6. Reduced final output requirements 
Low friction piping, passive cooling, etc. 

Remaining electricity requirements (TWh) 
industry 

small consumer sector 

7. Reduction in meter/motor distribution losses 
Remaining el. requirements at the meter (TWh) 

Index (base yeansl.OO) 

3-phase AC motors 
Variable 

loads, ASD-
suitable 

74 
60 
14 

0.58 

67 
54 
13 

60 
49 
11 

5 
62 

0.46 

ASD-un-
suitable 

PFC suitable 

22 
19 
3 

0.60 

20 
17 
3 

18 
15 
3 

1 
18 

0.47 

Constant load 
ASD and PFC 

unsuitable 

64 
60 
4 

0.82 

57 
54 
4 

52 
48 
3 

3 
53 

0.64 

DC-motors 
and misc. 

99 
85 
14 

0.86 

89 
76 
13 

80 
68 
11 

4 
82 

0.68 

Total 

-6.5% 
258 

223 
36 

0.72 
0.73 
0.70 

-10.0% 
232 

201 
32 

-10.0% 
209 

180 
29 

13 
214 

0.57 

(1) Electricity share of AC multi-phase motors based on Fichtner (1988). 
(2) Breakdown of consumption by type of load and customer class is authors' rough estimate. 
(3) ASD = adjustable speed drive; PFC = power factor controller. 
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The second category are DC motors, which are used in a variety of industries for 
applications in which precise control of speeds over a wide range are required. Examples 
include many machine tools in metal working applications, rolling mills, and paper making 
equipment. In the commercial sector, elevators use them. 

Two other categories are worth mentioning. One are single-phase AC motors. These 
typically small motors are mostly used in the residential and commercial sectors and for 
fractional horsepower applications in the industrial sector. Because of their small size, they 
account for only a small (less than 10-20 percent) fraction of total electricity consumption in 
motor drives. In our analysis, which considers only drives in commercial and industrial 
applications, they are an important category only in the former sector. 

Another less significant type are synchronous AC motors, which are used in special 
applications in industry for paper and textile web processes, or to correct power factors 
within plants. These motors are being progressively displaced by induction motors with 
adjustable speed drives, and in smaller applications, by permanent magnet type 
synchronous DC motors. 

Since some of the most important efficiency options (i.e., adjustable speed drives and 
power factor controllers) are associated with drive shaft power requirements that vary 
frequently and significantly, it is also important to classify electric motors by the loads they 
serve. 

Since DC motors already provide variable speed capability, the relevant fraction of total 
motor electricity use for applying these efficiency options is that used in AC induction 
motors. Table A. 10.3.35 shows our estimated breakdown into variable loads and constant 
loads. Variable loads are estimated to constitute 65 percent in industry, and 85 percent in 
the small consumers sector.33 

ASD-suitable bads 

Within the category of variable loads, we further distinguish between those that are suitable 
only for PFCs, and those that can benefit from ASDs. ASD-suitable loads are mainly 
found in pumps, compressors, blowers, and fans. 

In the FRG-based analysis by Fichtner (1988), ASD-suitable loads that offer energy 
savings were described as limited only to applications that are now served by 3-phase AC 
induction motors. Single-phase AC induction motors were not considered to contribute to 
the savings potential, apparently because it is assumed that certain compatibility problems 
with the single-phase start mechanism cannot be cost-effectively avoided. 

The recent introduction of ASD-equipped air conditioners by manufacturers in the U.S. and 
Japan suggest that this exclusion is no longer justified. However, the statistical weight of 
these applications is even less well understood than the potential in larger, 3-phase motors. 
Because much of this additional ASD potential is in residential appliances, and because we 
treat drives in residential appliances as part of the appliance savings potential, our present 
analysis of ASD applications mainly focuses on three-phase induction motors. 

3 3 The fractions are based on estimates in Lovins et al. (1990), using the mean value where that report 
indicates ranges. The higher fraction of ASD-suitable loads in the commercial sector reflects the greater 
statistical weight of attractive loads associated with space conditioning systems and other pumps, blowers, 
and fans. 
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Three-phase motors represent an estimated two thirds of total electricity use for drives. 
Fichtner (1988) indicated that 45 percent of these applications were ASD suitable. To 
account for the broadening of the application potential to single-phase motors with suitably 
variable loads, we round this figure off to 50 percent. 

PFC-suitable loads 

The variations found in PFC-compatible loads do not follow a set schedule, and may be 
low most of the time. This characteristic precludes the advantageous use of ASDs. We 
estimate the share of these loads in total three-phase AC induction motor use to be about 15 
percent. 

National differences in energy efficiency 

As of this writing, by far the most thorough study of the potential for electric drive 
efficiency has been performed by Lovins et al. (1989) This study, which is mainly based 
on U.S. data, finds a cost-effective savings potential of 44 +/-16 percent relative to current 
levels of energy service and electricity use. We make frequent reference to this body of 
work in our subsequent discussion. This raises the question whether estimates for 
efficiency potentials that apply to the U.S. can be applied to the European situation. In 
particular, such a transfer seems to collide with the widely used rule of thumb that 
European equipment is already more energy efficient than U.S. equipment, and that 
European energy management practices are more frugal as well.34 

There are, indeed, differences in U.S. and European electric motor efficiency. Whereas 
U.S. manufacturers produce two lines of motors — a standard version and an energy-
efficient version — European manufacturers produce only one product line whose 
efficiency falls roughly midway between the two U.S. versions. European motors also 
have a better power factor, which has the effect of moving them closer to the energy-
efficient U.S. versions without, however, matching them. 

We already have incorporated the traditionally greater prevalence of DC drive applications 
in Europe by using European estimates of baseline DC drive saturations (see Table 
A.10.3.35 below). Even without this correction, European motor drives deliver their 
output with little more efficiency than U.S. equipment due to downstream inefficiencies 
(see Section 1.2 below) that are more decisive for overall efficiency.35 Several aspects 
need to be considered here. 

First a number of European studies indicate very large inefficiencies in the conversion of 
electricity inputs in motors into useful outputs from machinery and equipment For 
example, analyses of UK and German industrial drives in the 1970's both found that the 
usable work output at the driveshaft was 35-40% of the input electricity (Murgatroyd and 
Wilkins, 1976; FfE, 1979). If so, there is little to suggest that Germany in 1985, or 1991, 

3 4 Much of this notion rests on a confusion between the obvious profligacy of energy service 
consumption observed in some areas of energy end-use of the U.S., and the energy intensity of delivering 
that energy service. Careful analysis of these two factors suggests that U.S. energy intensity per unit of 
service is converging on European levels, and in some cases (e.g., some end-uses affected by appliance 
efficiency standards and building standards in parts of the U.S.), is already better (Krause 1994). 

3 5 Personal communication with Annibal Almeida, Lawrence Berkeley Laboratory and Portugal. 
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is more than marginally different from the UK. Danish studies also showed that motor 
drives wasted this proportion of the input electricity (Norgard and Meyer 1989), and 
Denmark is normally considered one of the most energy-efficient countries. 

Besides, much of the efficiency potential in drives comes from generic design and 
specification practices in industry that are quite similar both in the U.S. and Europe. For 
example, the European literature reports a payback requirement of 3-4 years for industrial 
and commercial energy efficiency investments (see, e.g., Maier, Angerer et al. 1986), 
implying a payback gap of the same magnitude as found in North American practice. This 
payback gap, and die market and institutional barriers it reflects (see Part 1 of the IPSEP 
study), is the dominant force in shaping the societally cost-effective potential for efficiency 
improvements, not differences in electricity price. 

There is also some anecdotal evidence that suggests that the penetration of more recent 
drive efficiency technology options such as ASDs for induction motors may be lower in 
Europe, on account of the high-price/high-profit strategies used by the principal producers 
of that technology in Europe, Siemens and ABB. Furthermore, significant utility-
sponsored electrical efficiency programs have been run since the early 1980s in many 
regions of the USA, which include incentives for the use of more efficient motors. These 
programs, and the regulatory reforms from which they flow, have not yet been widely 
implemented in Europe. 

Finally, it may be misleading to speak of "European" energy efficiency levels as being 
higher as a whole. Significant differences in energy efficiency levels exist between 
countries like Germany, Switzerland, or Denmark on the one hand, and the United 
Kingdom on the other hand. UK motor drives may be just as inefficient as their US 
counterparts or worse. Historically, the more efficient use of electricity received less 
attention in the UK than on the continent of Europe. Since the UK represents close to a 
quarter of EC-5 energy consumption, this difference is statistically quite significant for the 
resulting EC-5 average efficiency. 

In conclusion, while differences exist between the mix and efficiency of motor types in 
U.S. and Western European equipment stocks, these differences are of minor influence on 
the overall savings potential from both motors, drivetrains, and downstream uses of 
machinery output. 

Treatment in this study 

Whenever available, we rely, of course, on European analyses of the various efficiency 
potentials in the above-listed areas of drivepower loss. We also adapt the technological 
analysis of Lovins et al. (1989) to the baseline data developed in European studies, notably 
FRG data developed in Fichtner (1988). These data were the basis for the 10 percent 
savings potential quoted in IEA (1989). The significant difference between this 
Fichtner/IEA estimate and the savings potentials derived below is thus mainly attributable to 
a much more careful analysis of technological factors and options, and not to a greater 
degree of already realized efficiency in European practice. 
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2. EFFICIENCY OPTIONS: A WHOLE-SYSTEM PERSPECTIVE 

Most motors are relatively efficient at turning electrical energy into mechanical power. 
However, the energy service being provided is rarely an output of mechanical power per 
se. The ultimate purpose is to deliver some energy service that involves equipment 
downstream from the motor shaft. There is usually a chain of energy conversion 
processes, in which all steps can be improved in efficiency. 

For example, in a ventilation application, electricity may drive a motor, which drives a belt 
which powers a fan, which moves air through a system of ductwork, and out through 
supply terminals into the conditioned space. In a supermarket chilled display cabinet 
electricity drives a motor, which drives a compressor, which operates a refrigeration 
system, which moves a fluid through a system of distribution pipework in response to the 
changing demand for cooling, and by evaporation cools the refrigerated space and the food 
therein. In an industrial pumping application, electricity drives a motor, which drives a 
pump, which moves a fluid along a pipe to its destination. 

All stages in such processes may be made more energy-efficient The measures available to 
improve energy efficiency are more numerous than, and go far beyond, more efficient 
motors themselves. For example, in a supermarket refrigeration application, ways to 
provide this service with a reduced electricity consumption include: more efficient 
compressors), particularly at part-load; more precise controls to match the cooling output 
to the varying demand; improved insulation of the distribution pipework; and reduced heat 
gain to the cooled space. 

Generally speaking, the stages of investigation for efficiency improvements in drive 
applications can be categorized by the following six steps: 

— More efficient electric motors 

— Improvements in electric supply quality and operation of induction 
motors 

— Motor controls 

— Improved mechanical drivetrains between motor and machinery 

— Optimization of driven machinery 

— Reduction of final service requirements (pumping, air movement, 
cooling, cutting, etc.) 

This whole-system perspective indicates that improvements in electric motor efficiency are 
likely to be less important than savings in other areas. Indeed, except for domestic 
appliances, many of whose motors are egregiously inefficient (perhaps less than 40%), 
other efficiency improvements are likely to save more than an order of magnitude more 
electricity than mere alterations to die design of the electric motors. 

Furthermore, a number of indirect savings need to be considered. They range from 
distribution losses downstream of the customer meter to reduced air conditioning 
requirements. The discussion below will make clear that analyses reporting small energy 
efficiency potentials, such as those by Fichtner (1988) and BEA (1989), have failed to 
account for all efficiency options and their direct and secondary savings effects. 
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3. MORE EFFICIENT ELECTRIC MOTORS. 

Technological options 

Motor efficiency can be improved by 

— using more and higher-quality active materials for conductive 
windings, their insulation, and for the ferrous magnetic cores; and by 

— improving the design of motors by means of lower-friction bearings, 
advanced lubricants, optimizing motor dimensions, laminating thinner 
layers of improved magnetic materials 

The switch from conventional carbon steel to the best production-level silicon steel reduces 
the energy losses associated with magnetic cores by a factor of 10, and further advances 
based on new amorphous ferrous alloys promise a further reduction by another factor of 10 
or more. These advances promise to nearly eliminate core losses, which constitute a 
significant portion of overall motor losses, notably under part-load and no-load conditions. 

Advanced alternatives to the AC induction motor 

Other advances in new permanent-magnet materials have revolutionized the possibilities for 
applying brushless DC motors based on permanent magnet rotors. These permanent-
magnet rotors replace the electromagnetic stator of conventional DC motors, and thus the 
power losses in the windings of the stator. The motor can be speed-controlled without 
brushes by using an electronic commutator (ECPM motors). 

First commercialized in the 1980s, ECPM motors using new types of permanent magnets 
can cut the full-load losses of the best AC induction motors by half. They also offer very 
high torque and high speeds. A 97 percent efficient 25 hp ECPM motor has been 
demonstrated, equivalent to an improvement of 3.6 percentage points over high-efficiency 
induction motors of the same size sold in the U.S (Lovins et al. 1989). On average, these 
motors are likely to improve efficiency by two or three percentage points even above 'high-
efficiency' motors. 

Advances in powerful permanent magnet materials and modem solid-state electronics make 
ECPM motors a powerful contender for many tasks previously performed by induction 
motors. Already, such motors are making their way into millions of home appliances 
(Baldwin 1989), where they make possible more intelligent designs. They are also being 
used for automobile starters, and in a number of machine-tool applications. 

In a growing number of applications requiring small to medium-sized motors (up to 200 
kW), ECPM motors offer not only an advantage over conventional AC induction motor 
drives, but also a slightly superior alternative to high-efficiency induction motors combined 
with adjustable-speed drives. Though their first cost is higher than that of a high-efficiency 
AC induction motor, net costs can be more favorable once the avoided cost of an adjustable 
speed drive is considered. 

Other improved motor types include permanent-magnet versions of the AC synchronous 
motor, homopolar high-speed motors for industrial cutting tools and compressors, 
reluctance motors, and various other designs. 
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Direct efficiency gains 

The average efficiency of existing electric motors is difficult to determine, partly due to a 
lack of comprehensive data, partly due to inconsistencies in the manner in which electrical 
efficiency is measured in different countries and reported by manufacturers. 

An approximate comparison of European motor efficiencies and U.S. efficiencies is found 
in Brunner (1987). It shows that the standard Western European motor is somewhat more 
efficient than standard U.S. versions, but below high efficiency versions marketed there 
and in Europe. 

Swiss-made ultra-high-efficiency motors are reportedly up to 8% more efficient than the 
Swiss stock. Because these motors carry a price premium of 15% - more compared to 
cheap imports - they are uncommon even in Switzerland (Brunner 1987), though easily 
cost-effective against the discount rate used by utilities (see below). By using such motors, 
one should be able to improve efficiency by the same percentage points over European 
average stocks as US high-efficiency motors improve US average stocks. 

Improvements in the full-load efficiency ratings do not fully capture actual efficiency gains. 
The difference in efficiency between standard and top-of-the-line models is significantly 
greater at part-load, i.e., at the very operating conditions under which motors are used most 
of the time. Past estimates of savings potentials have typically overlooked this important 
point. 

In the range « 1 kW(e), efficiencies are typically much lower. If efficiency was improved, 
average efficiency in this size range might rise by 10-20 percentage points or more. 
However, these largely single-phase AC motors are concentrated in appliances in the 
domestic sector, and probably account for less than 5% of motor electricity use in the 
commercial and industrial sectors (Maier, Angerer et al. 1986). 

For the U.S., Lovins et al. (1989) estimate a 4.5% electricity savings from applying high-
efficiency motors in applications now served by AC induction motors, and 2.9% in the 
case of current DC and AC synchronous motor applications. These figures are 
significantly higher than estimates in earlier studies because they take account of recent 
advances in commercially available high efficiency motors that apply to both the U.S and 
Europe. To account for the somewhat higher baseline efficiency in the European motor 
stock, we reduce these percentage point gains by a third to 3 percent (AC motors) and 2.2 
percent (DC motors) for our EC-5 calculations (see Table A.10.3.35). 

Indirect savings: rewind losses 

A shift from standard efficiency motors to high-efficiency motors has another indirect effect 
that is related to the aging- and repair-related losses in motor efficiency. One key source of 
deteriorating performance is the degeneration of insulation materials in the motor, which is 
accelerated by the heat generated in the motor. The amount of heat produced, in turn, is 
greater in a standard motor than in a high-efficiency motor. All else being equal, a standard 
motor will thus deteriorate in efficiency sooner than a top-of-the-line version. 

This deterioration will lead to earlier rewinding of the standard motor than the high-
efficiency model. Since rewinding operations often cause efficiency losses of their own, a 
high-efficiency model offers savings from delaying this repair. Starting from the median of 
the estimated 1.8-3.4 percentage point reduction in electricity requirements in Lovins et al. 
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(1989), we adopt a slightly lower figure of 2 percentage points for our EC-5 calculation 
(Table A.10.3.35).36 

Indirect savings: corrected sizing 

Sizing is a complex undertaking that must take into account a variety of operating 
conditions and reliability concerns. Unfortunately, gross oversizing frequently occurs due 
to a series of successive design conservatisms (estimated rather than measured loads, safety 
margins, and rounding up to the next commercially available size), along with various 
management practices (allowing for expansion of drive power requirements in future years, 
reducing the number of motor sizes kept in stock in-house). The complementary 
oversizing of mechanical equipment run by the electric motor (i.e., pumps, fans, blowers, 
etc.) then further increases the problem. 

Statistics on the extent of oversizing are available only on the basis of case studies in 
individual facilities or industries. However, rich anecdotal evidence from both Europe and 
the U.S. suggests that average motor loadings in the range from 40-70 percent are typical 
in industry.37 

The replacement of an oversized standard efficiency motor by a high efficiency model thus 
not only offers savings from better performance at the actual load point, but also offers 
secondary savings by more carefully sizing the new motor. On the other hand, smaller 
motors are somewhat less efficient than the oversized motors they would replace. 
Adjusting for this effect, Lovins et al. (1989) estimate an electricity saving of 0.9-2.7 
percentage points from correcting these practices. We adopt the 1.8 point median of this 
range for our EC-5 calculations (Table A.10.3.35). 

Economics 

Electric drive efficiency improvements are generally very cost-effective because the capital 
cost of the motor is typically exceeded or even dwarfed by the cost of the electricity that 
flows through the motor over the course of its life. The exact economics depend on the 
duty factor of the motor, but various indirect economic benefits must also be taken into 
account. 

Using a 5 percent real discount rate and first cost premiums in the neighborhood of 30-40 
percent high efficiency motors give a CCE of 2-5 Pf/kWh for typical operating hours of 
2,400-3,200 hours/year (Marbek 1987). 

Assuming an induction motor life of 40,000 hours and a range of sizes from 0.75 to 150 
kW(e), high-efficiency motors are easily cost-effective against industrial electricity rates 
which are typically in the neighborhood of 10-15 Pf/kWh in the EC, for annual operating 
hours as low as 1,000 or even less. 

3 6 Note that in the discussion of savings potentials, percentage points refer to changes in electricity 
consumption and not changes in motor efficiency figures. 

3 7 See, e.g., the discussion in Lovins et al. (1989) and the literature cited therein. 
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The replacement of conventional AC induction motors by ECPM motors can be even more 
attractive, offering savings at a marginal CCE of as little as 1 Pf/kWh (Baldwin 1989). 
Again, this figure applies before important secondary benefits are considered. 

Indirect cost effects 

The cost of electric motor efficiency is significantly reduced by the opportunity for down
sizing oversized motors at the time of replacement. A one-size reduction lowers the 
marginal cost of the new high efficiency motor by a factor of 2 to 10, while a two-size 
reduction will eliminate all extra first costs and will actually make the motor cheaper than 
using a standard motor of the original size (Lovins et al. 1989). 

In addition, high efficiency motors run at lower temperatures and thus have a longer service 
life. This longer service life not only avoids the losses from rewinding, but also postpones 
the cost of rewinding considerably. On a net present value basis, this benefit further 
lowers the cost of the energy-efficient alternative, making it typically robustly cheaper to 
buy. Consequently, the cost of conserved energy for high efficiency motors is negative. 

Based on this assessment of indirect benefits, there is little doubt that in most cases, the 
least-cost procedure is to scrap all existing standard-efficiency induction motors and replace 
them by carefully-sized high-efficiency ones, or other high efficiency motors (Lovins 
1989). 

4. IMPROVEMENTS IN ELECTRIC POWER SUPPLY AND MOTOR 
MAINTENANCE 

Aside from the losses in motors that are reflected in their efficiency ratings and the losses 
due to motor oversizing, a number of other losses occur in actual motor use but are 
commonly overlooked in assessing available electricity savings. These additional losses, 
and therefore savings opportunities, result from problems with power supply quality and 
maintenance practices, including 

— phase imbalances 

— improper supply voltage 

— low motor power factors 

— poor power supply waveform 

— poor maintenance of motor and motor environment (inadequate 
protection from exposure to external heat etc.) 

Lovins et al. (1989) provide a detailed discussion of these effects, and give ranges for the 
kinds of savings that can be expected from each under U.S. conditions. European motors 
have much better power factors than U.S. motors, and we adjust the available savings from 
further power factor improvements correspondingly downward. In combination, they 
increase the potential for motor efficiency savings from seven percent to 12 percent of 
baseline energy use (Table A 10.3.35). 

Page A.10.3.176 



5. ELECTRONIC ADJUSTABLE SPEED DRIVES 

Most of the industrial and commercial electricity going into electric motors is used by AC 
induction motors. Because these motors run at constant speed, unwanted mechanical 
output under variable load conditions is dissipated by dampers, vanes or other forms of 
throttling. In energy terms, such a control method has been graphically compared to 
depressing the accelerator of a car and altering the speed by applying the brakes. 

Wherever the motor drives a load which varies, one can save electricity by applying 
electronic variable speed or adjustable speed drives (ASDs) to these motors. The objective 
is for the motor speed, and torque, to be no more than the minimum needed to meet the 
load. When part-load conditions occur, speeds and torque are lowered, the motor draws 
less power, and electricity consumption is greatly reduced. 

Even allowing for their own electricity consumption (they are about 97 percent efficient), 
the savings from electronic ASD's vary from 20-80%, depending on the type of application 
and the degree of part-loading (Greenberg et al 1988, Lovins et al. 1989). 

The most attractive loads for applying ASDs are centrifugal pumps, fans, blowers, and 
compressors. In these devices, the drive power requirement decreases roughly with the 
cube of driveshaft speed. An estimated half of all drivepower applications falls into this 
category. An important application in industrial and commercial buildings are air 
conditioning systems and refrigeration plants. 

Average savings potential 

We calculate the average savings potential from ASDs on the basis of a 50 percent 
applicability to industrial multi-phase AC induction motor loads, and of 70 percent to 
commercial sector loads. As a saving for the average application we assume the median of 
the 20-45 percent range estimated by Lovins et al. (1990), and correct for an estimated 10 
percent market penetration in the base year, which yields a 29.3 percent saving. 

Economics 

The economics of ASD's are complicated by a variety of application-specific non-energy 
benefits, including improved machinery life, better process control, and protection. In fact 
these non-energy benefits are an increasingly important factor in choosing ASDs. They are 
difficult to capture in generic cost-effectiveness calculations. 

Most indicative are the reported payback times from specific application studies. These fall 
into the range of 1-3 years against prevailing industrial electricity prices. The magnitude of 
these benefits is evident from the fact that conventional calculations based on present ASD 
first costs alone (typically $100-$1000/hp for motor sizes from several thousand to less 
than ten hp) yield payback times of five to 15 years at average duty factors (about 40 
percent in industry). 

ASDs are expected to continue their linear decline in prices. Manufacturers predict cost 
reductions of over 40 percent over the next few years. The costs for small units below 100 
kW are falling especially quickly because a larger fraction is related to the electronic control 
circuitry. With developments in microchip technology, this cost component is dropping 
exponentially in price. New technology is also dramatically reducing switching losses, 
which further diminishes costs. 

Page A.10.3.177 



US, Japanese and European manufacturers of appliances and small heat pumps have 
developed units with built-in ASD's. The incremental cost of applying ASD's to these sub-
1 kW motors is reported to be around DM 60/kW (Greenberg et al 1988). The Danish 
manufacturer Danfoss is developing integral ASDs for recirculating pumps in central 
heating systems that have a similarly low cost. With these incremental costs, annual 
operating periods as low as 500 hours suffice to yield CCE's of 0.5-6 Pf/kWh. Some 
experts predict that integrated ASDs will eventually become as inexpensive as electronic 
switches on motors, costing no more than 10-20 DM/kW. 

Meanwhile, European prices of ASDs have been slower to decline than U.S. prices. In the 
U.S., prices have been determined by Japanese manufacturers who used low profit 
margins to gain market share. In Europe, the two major manufacturers, Siemens and 
ABB, are pursuing a high-price, high-profit marketing strategy for ASDs. This strategy 
has led to prices that are about 50 percent higher than those in the U.S. It can be expected 
that increased global competition will eventually remove this differential. 

These trends and developments, together with the proper inclusion of non-energy benefits, 
have made obsolete the conventional wisdom that ASD's are uneconomic unless they 
control a reasonably large motor drive whose annual operating hours are high. Today, any 
size motor can benefit from ASDs if it serves ASD-suitable load variations. We estimate 
based on the in-depth analysis in Lovins et al. (1989) that the cost of conserved energy will 
typically be 5 Pf/kWh. 

This CCE is competitive with the short-term marginal cost of electricity. If compared to 
long-run marginal electricity costs, one could justify ASD's on small induction motors that 
are operated for 100 hours per year. 

Other techniques of obtaining variable speed and flow 

A number of hydraulic motors and pumps, hydromechanical devices, hydrodynamic 
couplings, hydroviscous drives, as well as mechanical arrangements (adjustable pulleys 
and gears, traction drives) are available for supplying variable speed. 

In some circumstances, these and other devices can be advantageous over ASDs. Where 
motors drive fans in large, low-pressure ventilation systems, with moderate variations in 
load, variable-pitch axial flow fans can achieve the same end result as motor speed control, 
and may be cheaper. In applications that are suitable, the CCE of this technique is 50-60% 
as much as motor ASD's (not considering indirect benefits). Similar techniques may 
sometimes be possible with pumps. , 

Where motors drive large compressors, for example refrigeration plant in supermarkets and 
cold stores, multiple unequal-sized motor/compressor systems are starting to be used. By 
progressively shutting off units as the load falls, the compressors can operate near their 
maximum efficiency. This enables one to obtain some of the benefits expected from a 
continuously variable capacity (CVC) system. However, in recent years, the advent of 
inverter-driven motor/compressor systems with ASDs offers even greater electricity 
savings. 

Air conditioning systems, supermarket chilled display cabinets and other large commercial 
refrigeration plant are prime targets for such CVC systems. Compared to constant speed 
operation, CVC tends to save 35-55% of previous electricity consumption. If an installation 
lasts ten years, published prices correspond to CCE's of only 3-5 Pf/kWh in capacities of 
5 kW(e) upwards, a cost that is competitive with utilities' short-run marginal costs. 
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6. OTHER ELECTRONIC MOTOR CONTROLS 

Power factor controllers 

These electronic devices are designed to limit in-rush currents during motor starts, and to 
eliminate poor power factors during no-load or low-load running conditions. Major 
savings can be expected only if the motor spends much of its time in the bottom quarter of 
its load curve. In those instances, savings of 10-50 percent of electricity are feasible. 

Examples for PFC-suitable applications that offer significant energy savings include 
conveyors, escalators, crushers, shredders, lumber saws, sewing machines, and various 
machine tools. 

The cost of PFCs is in the neighborhood of DM 40-400/hp, i.e., significantly lower than 
those for ASDs. The economics of PFCs are again strongly shaped by non-energy 
benefits. On energy-grounds alone, costs of conserved energy can be expected to be in the 
neighborhood of 2 Pf/kWh. When PFCs are only an incremental addition to an electronic 
soft-start device that is desired anyway on grounds of prolonging motor and equipment 
life, the net cost of conserved energy is much smaller. The CCE will be negative if saved 
equipment costs are taken into account. 

Fast controllers 

Fast-controllers are a new generation of micro-processor based high-speed control circuitry 
that is used for compressors to prevent damaging power surges. Conventional techniques 
of prevention are associated with significant losses of power, for example, by bleeding off 
pressure or recirculating part of the compressed fluid. 

An estimated 15-25 percent of power can be saved in compressors. Savings from suitable 
compressor loads alone are estimated to be equivalent to 0.3 percent of all commercial and 
industrial motor drive electricity use in the EC-5 region. The principle can be extended to 
other turbomachinery as well, with an estimated tenfold increase in savings. This potential 
is neglected in our analysis. The estimated CCE for typical applications is in the 
neighborhood of 1 Pf/kWh (Lovins et al. 1990). 

7. EFFICIENCY IMPROVEMENTS IN DRIVETRAINS. 

Electric motor drives are used to provide a wide range of energy services, not just a power 
output at the drive-shaft. Many motors transmit their mechanical output to equipment like 
pumps, fans, compressors, whose energy performance can be poor, via gears, belts, etc., 
which are also inefficient If the energy losses in these stages are all reduced, further 
savings result 

The transmission of mechanical power from the motor via gears and belts to the load can be 
as little as 50% efficient in poor cases. A review of efficiency options in mechanical drive 
trains is given in Lovins et al. (1989). Various gear reducers show widely differing 
efficiencies, from about 70 percent for worm gears to as much as 94 percent for helical 
gears, and thus significant efficiency improvements from choosing the better reducers. An 
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estimated 5-20 percent saving of input energy to gears can be saved through optimal choice 
and better lubricants. 

The same goes for chains, belt drives, and couplings. In the case of chains, a certain 
fraction can be converted to more efficient flat belts, saving about 5 percent of input 
energy. In the case of belts, improved maintenance and conversion to synchronous and flat 
belts can bring estimated savings of 3 and 9 percent, respectively. In the case of couplings, 
correction of shaft misalignment offers similar savings. 

Advanced lubricants allow the elimination of one quarter to one half of the losses of 
drivepower input that occurs in bearings. These savings are over and above the small 
savings in bearing losses when replacing standard motors with high efficiency motors. 

Lovins et al. (1989) give a range of 2.9-10.1% for the combined savings of drivetrain input 
energy from these measures. For our EC-calculation, we use the mean of this figure, or 
6.5 percent The cost of conserved energy is negative in many cases, and can generally be 
assumed to be zero. 

8. OPTIMIZED MOTOR-DRIVEN MACHINERY 

Beyond the motors and drivetrains, the mechanical equipment delivering the desired 
mechanical service can itself be improved. One example of such savings is pumps and 
fans. Pumping represents the single largest application of motor drives. In the USA, 
almost 50% of motor electricity is subsequently used to pump water or other fluids, 
particularly in industry, and similarly high shares can be expected in other industrialized 
countries. In the commercial sector, much of the electricity is used to power fans, which 
are also a large-scale electricity user in industry. 

It is common for pumps and fans to operate far from their design point, either because of 
systematic oversizing of not just the motor but the pump or fan itself, to cope with 'worst 
cases'. Oversizing may also occur because some system parameters were unknown at the 
time. Sometimes the efficiency of a fan could be more than doubled had it been better-
sized. 

These inefficiencies multiply. In Denmark, the average ventilation system only converts 
about 25% of the electricity consumed by the motor into kinetic energy in the moving air. 
In most existing ventilation systems, it should be possible to use 60% less electricity to 
move a given amount of air at a given speed through a given duct. This is a much bigger 
saving than available from ASDs alone (N0rgard and Meyer 1989). 

ASDs or other types of easily-controlled motor, such as permanent magnet DC, offer the 
possibility of designers deliberately modifying the speed of a fan or pump to match the 
hydraulic characteristics of a particular system, and optimize different components to reach 
the highest possible overall energy efficiency. 

As shown by N0rgard and Meyer (1989), this approach could reduce the electricity 
consumption of a water pump by 15% more than ASDs and improved motors alone could 
achieve. If these two measures reduce electricity requirements by (1-0.97 x 0.707) = 
31.5%, the additional saving from pump optimization would yield a total saving of 42 
percent of the base case, i.e., an EIF of 0.58. More generous pipe sizing and friction-
reducing surfactants, discussed below, can reduce electricity requirements further. 
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9. REDUCTION OF MACHINERY OUTPUT REQUIREMENTS 

More efficient motors, drive-trains, compressors, pumps, fans, other turbo-machinery, 
better sizing, and controls that improve part-load efficiency are only part of the story. In a 
number of applications of electric motor drives, the potential electricity saving 
'downstream' dwarfs that foreseen in the electrical drives and mechanical equipment. 

By analogy to buildings, both building shells and plant can be improved. Often, the energy 
saving from improving the building fabric is far greater than the saving from improving the 
mechanical equipment. 

Pumping 

This end use is prevalent in factories, processing plants, refineries, and other industrial 
activities. Though mainly an industrial end use it is also found in the commercial sector, 
which includes agricultural activities, municipal water systems and other applications. In 
the residential sector, pumps are used to circulate warm water between radiators and central 
furnaces. 

Energy efficiency options 

In all pumping systems, pipe sizes should be re-optimized. This will cause power demands 
to fall. For example, when pumping against purely a frictional head, not a frictional and 
gravitational one, increasing the diameter 1.5-fold may reduce the power output needed 
from the pump 4-fold. 

New research on certain kinds of surfactants indicates an even simpler approach to 
reducing pump output requirements. These surfactants form large molecules with 
viscosity-reducing effects similar to long-chain organic additives that have been tested for 
this purpose. Unlike die long-chain organic additives, the new type of surfactants do not 
deteriorate from impact with the propeller of the pump. They have the unique property of 
breaking up in the propeller and then spontaneously regrouping downstream. Savings of 
50 percent in pumping energy have been reported in recent tests. 

Potential aggregate improvements and costs 

In a very simple example in which more efficient motors and ASDs had already been 
applied, a 125 mm pipe replacing 100 mm, electricity consumption drops to 37% of the 
starting point (Baldwin 1989). If systems are properly optimized, even lower EIF's than 
0.37 could almost certainly be widely achieved. 

The potential savings from such optimization are significant on an aggregate level. One 
study found a potential resource of 250 MW of electricity from pipe resizing just in the 
north-west USA, with a population less than any of the EC-5 countries (Seton, Johnson 
and Odell Inc., 1987). 

If we take the two analyses of pipe optimization quoted in recent literature (Lovins 1989) as 
representative, the potential long-term saving in pumping systems seems to be at least 50% 
of the power that would remain after all the improvements to the mechanical system had 
been made. Surfactant treatment would further augment these savings, and/or reduce their 
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cost. Applied to suitable38 closed pumping and cooling systems, an estimated 3 percent of 
total driveshaft output could be saved with advanced surfactants alone. In combination, 
upstream savings in electric drives and mechanical equipment and reduced output 
requirements could be sufficient to eliminate as much as 100*(l-0.58*0.5) = 71 percent of 
electricity use for pumping. 

Economics 

The average CCE for optimizing pipes found in Seton, Johnson and Odell Inc. (1987) was 
under 2 Pf/kWh, even though the work appeared to be based on the gross (not net) costs of 
wider pipes. The correct procedure is to calculate the net cost of more energy-efficient 
pumping systems. This net extra cost is then traded off against the electrical savings. The 
calculation should allow for the fact that wider pipes so greatly reduce the resistance to flow 
that less powerful pumps, motors and controls (which may be cheaper than the original 
models) can be used. Lower friction in the pipes may also raise the pumping efficiency 
slighdy, a further bonus already mentioned in the previous section. 

Industrial metal forming, cutting, and other machinery 

Much of the electricity in manufacturing is associated with tools for shaping and sizing 
metallic and other materials. Advances in cutting tools and lubricants are reducing the 
torque required in machining and grinding, thus reducing electricity requirements per 
forming operation. 

Similar efficiency improvements are reported by Price and Ross (1989), who studied the 
use of compressed air in metal-forming and other machinery in the automobile industry. 
Examples given there suggest that up to 50 percent and more of compressed air 
requirements can be displaced through systematic maintenance, segmented and satellite 
systems, various forms of leak reduction, and lower pressure requirements when precisely 
controllable ASDs are used on the compressor motors. 

In some applications, the drivepower chain can be drastically shortened. For example, 
industrial compressed air tools could often be replaced by directly ASD-driven electric 
tools, bypassing the compressor and saving 80% of input electricity. Some industrial 
plants could use hydraulic drives, especially where mechanical power is produced directly 
on-site from cogeneration plant and can be transmitted as such. This avoids 6-10% 
conversion losses from mechanical to electrical power and back again. 

Economics 

These types of measures are found to be highly cost-effective against current electricity 
rates. In the study by Price and Ross (1989), the avoided maintenance costs and 
production losses due to downtime for repairs were found to be comparable to the value of 
saved electricity. Together with lower capital costs for future replacement compressor 
systems, many such opportunities can be expected to provide savings at zero net cost or 
negative net cost 

38 Pumping in sewage systems, pipelines, petrochemicals, and open-curcuit cooling systems is not 
suitable for this technique, but many other applications are. 
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Drivepower savings from process-related changes 

In several primary materials industries, new processes bring not only reduced fuel 
requirements with them, but also savings in drivepower (see Section H above). A detailed 
analysis of these processes is found in Part 6 of the IPSEP study. Illustrative examples are 
thin slab continuous casting techniques in the steel industry, which reduce the electric drive 
energy for hot and cold rolling operations, and the changeover to linear low-density 
polyethylene, which eliminates the compressor energy for the high-pressure stage in the 
conventional, high-density polyethylene production. 

A number of other examples are mentioned in Part 6 of the IPSEP study. In general, 
process innovation in the chemical industry points toward methods involving successively 
lower activation energies, and thus lower temperatures and pressures. The reduced 
requirements for pressurization result in significant drivepower savings per unit of product. 

The exact analysis of aggregate savings potentials is often complex, since cross-
substitutions from fuels to electricity may also occur, e.g. in the substitution of distillation 
by selective membranes. 

Refrigeration 

Another significant savings potential from efficiency improvements beyond the mechanical 
system is in commercial and industrial refrigeration. The largest electricity use for such 
refrigeration occurs in the commercial sector. In France, it is estimated to account for 12 
percent of 1991 commercial sector electricity use. An estimated 70 percent of this 
electricity goes to retail establishments such as food stores and supermarkets. Here, 
standardized designs are used. The remainder is consumed in refrigerated warehouses, 
which make use of customized equipment 

The first area of improvement is to make the refrigeration cycle more efficient. These 
measures involve improvements in the machinery that produces cooling. The second area 
involves better management of cooling in refrigerated display cases. 

More efficient cooling machinery 

Modem state-of-the-art supermarket cooling systems include high-efficiency multiplexed 
compressors, floating head pressure point control, ambient and mechanical subcooling, hot 
gas defrost evaporative condensers, and heat reclaim. Even before considering more 
efficient motors and drives, redesigning average existing cooling systems on the basis of 
these design features has been demonstrated to save 27 percent of baseline electricity use 
(EPRI 1992). When these improvements in the cooling machinery are combined with 
efficient motors and drivetrain components (which separately yield a roughly 30 percent 
savings), a total reduction of 100*(l-0.73*0.7) = 49 percent becomes feasible (EIF 0.51). 

More efficient display cases and warehouses 

Retail refrigerated cabinets appear to offer as much potential to reduce cooling loads as to 
improve the mechanical system. Tub cases are relatively more energy-efficient and are 
used mainly for frozen foods and meats. Multideck vertical cases are less efficient but save 
floor space. Electric fans are used to distribute cool air inside the display case and across 
the opening. 
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Although only a small fraction of the heat gain is by conduction, the insulation of some 
supermarket cases is still inferior to domestic refrigerators, and can be greatly improved. 
Most of the heat gain in retail refrigeration cabinets is by convection and radiation. Glass 
doors have become quite common on vertical freezer display cases, but most of these doors 
use electric heaters to prevent condensation on the glass or frame. This substantially offsets 
the electricity saving. 

If these antisweat heaters are controlled by a humidistat that monitors the supermarket 
electricity requirements drop by 50 percent. The use of more efficient fan motors can 
reduce electricity consumption of cabinet air fans by a third. However, very little of this 
potential has been captured. One of the authors has noted vertical supermarket freezer 
cases in new UK supermarkets with no glass doors, and as a result, torrents of chilled air 
cascading onto the floor. 

Going beyond the cabinet itself, a further saving of 10-15 percent in combined refrigeration 
and air conditioning costs can be achieved if the indoor relative humidity in supermarkets is 
kept at about 40 percent, as opposed to the more typical 50 percent. A number of air 
conditioning system designs can achieve this goal, including heat reclaim coils on the 
indoor air-flow circuit for the supermarket, separate cooling and dehumidification of fresh 
air and return air (dual path systems), heat pipes, and gas-fired desiccant systems. 

Advanced techniques 

Advanced glass doors with multiple low-e film glazing systems and highly-insulated 
frames, as developed for buildings, are even more promising. They should need fewer 
heaters or none, and by themselves they should reduce the cooling load by 50%. 

Cabinets used to store chilled drinks, etc., can probably be eliminated, and electricity use 
reduced over 90% by flash cooling with special fluids, a technique developed in the USA. 
In the long term, packaging is being developed that should allow food containers to be 
reseated and stored without refrigeration. No study of more efficient refrigeration motor 
drives alone could possibly reveal such savings. 

Warehouses 

There is considerable scope for applying to refrigerated warehouses the technology 
originally developed for superinsulated buildings. UK surveys found that 50% of the 
cooling load in refrigerated warehouses was due to air infiltration (Herring et al 1988), a 
gain that experience with buildings shows can be virtually eliminated. 

Optimal R-values for building shells, where a temperature difference of only 10 K is 
maintained, are known to be R-5 or more. The optimum for buildings where temperature 
differences of 30-40 K are maintained is clearly greater, yet normal practice in cold stores 
provides little more insulation than new buildings use. The scope for reduction in cooling 
loads is probably over five-fold, a change which dwarfs the motor drive savings. 

Utility 

An early fear of retailers was reduced food sales, if glass doors were fitted. Experience in 
the USA suggests that this is not a problem. Doors may also improve the keeping qualities 
of foods; e.g., fresh milk. In the case of power outages, food spoilage is delayed, an 
important consideration in commercial refrigeration. 
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Economics 

A refrigeration system for a typical supermarket might have 10-20 condensing units, a 
combined compressor nameplate input of 60-115 horsepower, and costs of 60,000 to 
150,000 DM to install (EPRI1992). With a daily electricity consumption of 1000 to 2000 
kWh, annual electricity expenditures are of the same magnitude as the entire original 
investment in the equipment. Consequently, energy efficiency improvements are highly 
cost-effective. Payback times for commercially available technologies for improving 
refrigeration machinery range from months to two years (EPRI 1992). Ficket et al. (1990) 
conservatively estimate a cost of conserved energy of 4 Pf/kWh 

The CCE for reducing the cooling loads served by commercial refrigeration machinery is 
roughly the same. Improved case insulation costs about 4 Pf/kWh, and advanced glass 
doors about 3 Pf/kWh (Lovins 1990), which is similar to the CCE of improved motors, 
compressors and controls (Lovins 1989). 

Heating, air conditioning, and ventilation systems 

Space cooling and ventilation is another motor drive application where the largest savings 
are unrelated to the mechanical system (see Section F above). First, however, air-
conditioned buildings do present many opportunities for improved energy efficiency in the 
motor drives, the refrigeration motors and compressors; the motors and fans in the 
ventilation system, and the controls. 

The types of systems currendy used for air conditioning and ventilation can be grouped into 
central HVAC systems using chillers, and multiple-unit systems using unitary equipment. 
Central systems consist of either air-cooled electric chillers (for smaller systems) or water-
cooled central chdlers with cooling towers (larger systems). Multiple-unit systems consist 
of factory-built air conditioners that supply only a portion of a building. They can 
incorporate resistance heating, electric heat pump, and gas-fired heating elements. 

Historically, central chiller systems have had about a 20 percent market share, compared to 
about 80 percent for multiple systems. 

More efficient chillers and unitary air conditioners 

In the U.S., energy-efficient air-cooled and water-cooled chdlers require 25-30 percent less 
electricity on a seasonal average basis than equipment satisfying minimum efficiency 
requirements under new energy efficiency standards established in 1989. Savings related 
to existing equipment are somewhat larger still. 

Even greater differences between minimum efficiency and best units can be found for 
unitary refrigeration plant Best units show over a doubled COP compared to existing 
plant. Some of this is achieved by motor and compressor improvements, and must not be 
double-counted, but most of it is based on design changes such as oversized heat 
exchangers, which represent an extra improvement 

Improved HVAC delivery systems 

Specifying a state-of-the-art HVAC design that meets both comfort and usage requirements 
of a particular building and minimizes energy costs is a complex task. Less than one 
percent of architects have the necessary training and knowledge to perform the modeling 

Page A. 10.3.185 



tasks involved. As a result, few buildings are being conditioned in an economically and 
energetically sound fashion. 

Historically, central chiller systems were coupled with constant air volume (CAV) delivery 
systems in which fans always run at full power. High velocity, high pressure air delivery 
systems, mixing of cool and hot air in dual duct and multizone delivery systems, and 
reheating of cooled air are energetically inefficient but common in existing buildings in a 
number of European countries. 

Air conditioning systems with the egregiously electricity-wasting terminal reheat system 
can be modified. Controls can be adjusted so that a zone of the building is only cooled 
when it is occupied and in use. When conditions are right, cold air from outside the 
building can be used rather than cool air from the chiller plant. 

Furthermore, the original ventilation rate in non-residential buildings is often excessive. If 
so, the peak airflow can be permanendy reduced. Demand-controlled variable air flow 
(VAV) ventilation allows the average ventilation rates in many buildings to be drastically 
lowered, yet air quality is maintained or improved. In addition, the mechanical load on 
fans can be cut by 80% or more by resizing ducts in new or renovated buildings and by 
ventilating buildings more according to actual need. 

As electricity consumption is almost proportional to the cube of the airflow, these 
modifications can result in large savings in fanpower. Combined with upstream 
improvements in the drive and fan, the effects can be dramatic. In some ventilation 
systems which were retrofitted with variable air volume and ASD's on the motors, 
electricity consumption fell by 85% (Lovins 1985). 

A task where the entire motor drive system can often be eliminated and the service provided 
without electricity is the ventilation of animal houses in the agricultural sector. Methods 
have been developed to provide the airflow without electricity, using simple mechanical 
dampers (Norgard 1989). In new or replacement buildings, this measure has a negative net 
cost The same is true in highly efficient new commercial buildings where shallow floor 
plans and other passive design features allow the complete elimination of air conditioning 
equipment (see Section F above). 

Economics 

Higher coefficients of performance and seasonal efficiencies in chillers and unitary air 
conditioning equipment have a cost premium. Costs of conserved energy have been 
estimated to be 3.6 Pf/kWh in U.S. analyses (Fickett et al. 1990). However, for a given 
cooling load, high efficiency chillers and air conditioning systems allow the down-sizing of 
equipment ratings, which lowers capital costs. Furthermore, the use of variable air volume 
and cold air systems allows for less expensive ducts and fans. Taking into account these 
and other mdirect cost savings, a lower figure of about 2 Pf/kWh is obtained (Fickett et al. 
1990). 
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10. AVOIDED IN-PLANT LINE LOSSES 

A significant power loss occurs in the transformers and wiring that is used within industrial 
plants and large commercial or institutional buildings. Typically, minimum codes for wire 
sizes are oriented toward safety, and not toward least-cost levels of line losses. An 
increase of conductor sizes complements savings from power factor improvements. Given 
the cumulative potential savings in electricity inputs at the motor of 42 percent (Table 
A.10.3.35), meter-to-motor distribution losses can be cut by two thirds on account of 
lower I2R resistive losses. 

11. OVERALL POTENTIAL AND COSTS 

The combined potential of the above efficiency options is estimated in Table A.10.3.35. 

Motor/drivetrain savings 

The scope to improve the delivery of shaftpower from the motor through the drivetrain to 
the motor-driven machinery is represented by an EIF of 0.70. 

The difference in the figures for industrial and commercial EIFs (0.72 versus 0.69) should 
be taken merely as an illustration of the influence of uncertainties about the share of variable 
loads. The implied difference in potential is easily swamped by uncertainty in other 
factors. 

The weighted average CCE of these savings is about 1 Pf/kWh (Lovins et al. 1989). This 
figure refers to the system which includes the motors themselves, ASDs and other controls, 
improved bearings, better lubrication practice, more efficient gears and belts, etc. 

Machinery efficiency and utilization of final output 

This potential still excludes improvements in the mechanical equipment driven by the output 
of the motors, such as fans, pumps and compressors, as well as improvements in the 
utilization of the mechanical outputs of this machinery in the downstream provision of 
energy services, such as ventilation, pumping, cooling, etc. 

Estimating these two additional potentials of saving electricity is very difficult on account of 
the diversity of applications, and a lack of data about the relative share of each type of 
application in total electricity consumption. We estimate that these further opportunities can 
reduce drivepower requirements by another ten percent each, resulting in a total EIF of 
0.58 for electric motor drives (Table A.10.3.35). After including meter-to-motor losses, 
the total savings potential at the meter becomes 44 percent (EIF 0.56). 
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This overall figure for the drivepower savings potential is based on the mean of the 
uncertainty ranges given in Lovins et al. (1989) and on low estimates for downstream 
improvements. Our above examples for air conditioning, refrigeration, pumping, and other 
applications suggest a significantly larger downstream potential In particular, the scope to 
reduce loads on the mechanical system is probably greatly underestimated. The total 
potential estimate therefore must be considered conservative. 

The average cost of conserved energy of these downstream improvements is difficult to 
estimate, but plausibly similar to that for combined upstream electric drive efficiency 
improvements. As in the upstream improvements, significant indirect benefits are likely to 
accrue. We take the average CCE to be 2 Pf/kWh for these savings when applied alone, 
and 4 Pf/kWh when preceded by drive improvements (marginal CCE). 

Average cost of conserved energy 

Given the relative potentials of savings from drive improvements and downstream 
improvements, the weighted average CCE becomes 2.7 Pf/kWh. In view of prevailing 
uncertainties, we round this figure to 3 Pf/kWh. This represents our low assumption for 
our scenario analysis. In our high case, we double this figure rather than just adding 50 
percent, again in order to provide a buffer against uncertainties. 

Comparison with conventional estimates 

These figures are clearly at odds with the widely quoted report by Fichtner (1988), which 
studied German motor electricity use and concluded that European motor drives could be 
improved by 10% at unspecified cost. This conclusion has since been quoted at length and 
disseminated to policy-makers throughout industrial countries (IEA 1989). 

If one compares the Fichtner study with the above analysis, it becomes evident that the 10 
percent estimate for the savings potential contained a number of methodological 
shortcomings and flaws: 

— It assumed that 60% of German induction motor drives were so well 
optimized that nothing could be done to improve them at an attractive 
cost to society, without correcting for the short payback times and 
high implicit discount rates that mark industrial decision-making; 

— It implicitiy assumed that all other European countries have as efficient 
a motor stock and as well-engineered machinery as Germany, which 
is unlikely, considering just the situation in the UK; 

— It considered only a small subset of available efficiency options limited 
to motor sizing, ASDs and high-efficiency three-phase induction 
motors. It omitted the wide range of other important measures 
identified in our above discussion, notably the downstream options 
related to efficientiy using machinery output 

— What options were studied did not exhaust the range of available 
measures even within their general category, and/or overlooked 
important indirect and secondary effects. 

Such omissions are comparable to studying the scope for more energy-efficient space 
heating by analyzing more efficient boilers without mentioning the following, which are all 
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far more important: thermal insulation; high-performance glazings; reduced air infiltration; 
air-to-air heat exchangers; improved heat emitters; more efficient heat distribution pumps 
and advanced heating controls. 

Moreover, the economic assessment implied in this analysis is equally inadequate. 
Notably, it failed to consider the variety of* non-energy benefits of drivepower efficiency 
improvements. The combination of grossly incomplete technical analysis and 
overestimated costs leads to a seriously underestimated efficiency potential at excessive 
implied cost. 

Much larger figures are gaining ground as more knowledge emerges of how electricity is 
really used in motor drives. In the U.S., all-sector figures based on the analysis by Lovins 
et al. (1989) of a saving of 44%, at an average CCE of 1 Pf/kWh, has been acknowledged 
as a credible estimate of electricity demand-side resources by the US Electric Power 
Research Institute (Fickett et al 1990). 
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J. FUEL SWITCHING POTENTIAL 

l. OVERVIEW 

Definition of fuel switching resource potentials 

The following discussion concerns itself only with fuel switching from electricity to gas. 
In some applications, switching from gas to electricity can be beneficial for industrial 
production quality and costs, and also for consumer amenity. However, in the present 
study, these opportunities are assumed to have been captured by the business-as-usual 
projection of future electricity demand and by the sectoral shifts in the fuel/electricity mix in 
the various end-use sectors as projected in the "Energy for the Next Century" study of the 
European Commission (CEC 1990, see also Section B above). 

As already noted in Section B above and further discussed in Section L below, the 
electricity demand projection in the SI scenario of the European Commission is higher than 
what is plausible on the basis of reasonable growth factors when these factors are derived 
from an end-use by end-use analysis of growth projections for energy services. For the 
purpose of the present analysis, we nevertheless adopt the higher demand level of the 
econometric projection. To bring our end-use based growth factors in agreement with this 
higher aggregate demand level, we include among other things significant shifts from direct 
fuel use to electricity in several therma end-uses: space heating, water heating, commercial 
sector process applications, and industrial process applications (see Section L below). 

More generally, the business-as-usual demand level is interpreted as including all 
advantageous switches from fuels to electricity, and also switches induced through 
promotional tariffs that are not societally cost-effective though they may be cost-effective 
for participating customers. 

For the inverse process of switching from electricity to fuels, on the other hand, business-
as-usual regulatory policies and market conditions in the utility sector are found to present 
substantial barriers. Options to remove these barriers in a societally cost-effective manner 
are not captured in the trend-based business-as-usual projections, while past and current 
promotional campaigns for increased electricity use are. 
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Economic issues 

A decisive factor in the economics of fuel switching from electricity to gas are the 
retrofitting costs for piping and plumbing. Unless these budding systems need replacement 
anyway, retrofit costs can be too high to make fuel switching economical. Also, the costs 
of retrofits may vary greatly from dwelling to dwelling, making assessments of cost-
effectiveness difficult except where the cost of conserved electricity is robustly and 
significantly lower than electricity supply costs. 

In assessing cost-effectiveness, we adopt a societal perspective (see Section B above) in 
which supply costs are not measured by current tariffs to consumers of electricity, — 
including promotional electric heating rates that may involve significant cross-subsidization 
(see e.g., Part 3E, Section D) — but by marginal delivered costs including transmission 
and distribution credits and program administration costs. 

Environmental significance 

From the point of view of reducing carbon emissions in the economy at large, fuel 
switching is attractive so long as the carbon emissions associated with the heating fuel 
(typically oil or gas) are lower than the carbon burdens of delivered electricity. In the case 
of cogeneration of heat and power, this balance depends, in part, on the manner in which 
carbon reductions from cogeneration are allocated. Emission balances for fossil-electric 
systems including SO2 and NOx are discussed in Part 3C. Corresponding figures for 
direct fossil systems are discussed in Part 5. 

In the base year, and also in the business-as-usual development of the generating mix, the 
carbon burden of electricity is substantially higher than that of gas or oil heating. 
However, as discussed in Part 3A of the IPSEP study, this condition is no longer fulfilled 
for scenarios in which a policy of minimizing power generation carbon emissions is 
adopted. In these scenarios, the carbon burden of power generation becomes so low that 
electricity is preferable as a heating fuel over direct use of fossil fuels. Depending on how 
carbon emission reductions are allocated, cogeneration-based district heating may or may 
not be preferable to electricity use. 

Treatment in this study 

Because of this feedback effect, and because of the variability of the cost-effectiveness of 
fuel switching, we do not quantify electricity-to-fuel switching resource in the same detail 
as the demand-side efficiency resources. However, the discussion below and in Section M 
gives insight into the approximate magnitude and cost of this electricity substitution option. 
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2. FUEL SWITCHING ECONOMICS BY END USE 

Space heating 

In the long term, most electricity use for space heating can clearly be eliminated by the use 
of other energy carriers, notably district heat or various forms of renewable energy; e.g., 
solar heat As shown in Parts 3E (nuclear power), 3C (cogeneration), and Part 5 of the 
IPSEP study, the business-as-usual policy of continued electrification of thermal end-uses 
like space heating is at odds with least-cost economics. Merely desisting from the 
aggressive promotion and tariff subsidization of space heating as found notably in France 
can displace a significant component of electricity demand growth at negative net economic 
cost 

Fuel switching in buildings already equipped with electric heating represents a more 
complex situation. Demonstration research in Sweden indicates, however, that even the 
replacement of existing electric heating systems in domestic buildings by low-temperature 
water- or air-borne heating systems may be economically feasible if evaluated from a 
uniform perspective based on utility or societal discount rates rather than consumer payback 
requirements. 

Costs depend on the baseline situation. In the absence of existing water pipes to which 
radiators could be connected, this means nearly total re-plumbing. This measure is 
therefore relatively expensive. If the replacement low-temperature heat costs 5 Pf/kWh at 
the register (see Part 5 for typical ranges resulting from our fuel price scenarios and heating 
technology parameters), the CCE of saved electricity is about 12 Pf/kWh, making it not 
cost-effective to owners who want short payback time. Nevertheless, once T&D credits are 
taken into account, this cost competes with the long-run marginal cost of electricity supply 
from most sources (see Parts 3A and 3C-E). 

In the future, to avoid such costs being incurred, it is important that new internal systems 
within buildings should be compatible with all sources of heat, as now a legal requirement 
in Sweden. This entails an air- or water-based distribution system, with the system being 
designed to supply the peak winter load with specified maximum temperatures. 

Air conditioning 

Our analysis of air conditioning (Sections F and I) has shown a large range of options for 
reducing electricity requirements for this end use, or for entirely eliminating the need for air 
conditioning through building design. As a last resort absorption-cycle chilling from gas-
fired combined heat and power plant could be used, as is done in some cities in the U.S. 
Absorption chilling is more energy-efficient than compression cycle refrigeration, and 
resolves the CFC/HCFC problem. 

It should be noted that many proposed CFC replacements for electric chiller plants have to 
be phased out by 2020, well within the life of buildings constructed now. Furthermore, 
some toxicity problems with some CFC substitutes based on HCFC's are becoming 
apparent All this points to the possibility that air conditioning may be switched to non
electric systems on the basis of environmental problems unrelated to global warming. 
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Water heating applications 

Except for hospitals and hotels, hot water consumption in public/commercial buildings is 
often much less than designed for. Central water heating systems can therefore be 
extremely inefficient if the controls are poor or non-existent. Many hot water systems have 
been separated from the main fossil fuel space heating system to address this problem. 

Large numbers of point-of-use electric water heaters are also in use. However, recent UK 
figures show that well-designed oil or gas based central water heating systems use 50% 
less primary energy, and also result in 60% lower C02 emissions, than individual sink-
mounted electric systems (Bordass 1990). Unlike electric ones, central water heating 
systems can also be converted to use heat from any source; e.g., renewables or fossil-
fuelled CHP. Therefore, switching away from electricity saves more C02 than improving 
an electric water heating system. 

When performing the switch in synchrony with the replacement of the building's 
plumbing, the CCE for water heating conversion can be assumed to be the same as for 
space heating. When an electric resistance heating system is replaced, best practice would 
be to install a hydronic system that provides both space and water heating. German data 
indicates that it is profitable to heat water with gas instead of electricity, even if the water 
heating demand has to bear the whole fixed costs of the gas distribution system; i.e., as it 
would do in districts of 'zero energy' homes. 

When the replacement of an electric sink or in-house water heater is considered on an ad 
hoc basis, costs of conserved energy may be considerably higher (ARGE 1993). 

Cooking applications 

Gas and electric cooking are in competition in most of the EC-5, except in parts which lack 
a gas grid. Even in those regions, LPG is a strong competitor. However, on CO2 
emission grounds, the case for switching to gas or LPG is strong except when the 
generating mix has been extensively decarbonized. 

Present gas cooking, without energy efficiency improvements, uses about 60% less 
primary energy. Thus, fuel switching alone matches or exceeds the reduction in primary 
energy consumption if more energy-efficient electric cooking is used (see Section H 
above). Further primary energy reductions can be obtained through energy efficiency in 
gas cookers (see Part 5 of the IPSEP study). 

If a gas cooker is merely purchased when a cooker needs replacement, and gas is connected 
to the dwelling or is avadable in the street, this can reduce primary energy use at low cost. 
The situation may be different if this is not the case, or if the dwelling is highly energy-
efficient (e.g., low energy or zero energy homes, see Part 5). 

The most energy-efficient solution to domestic thermal end-uses in very high efficiency 
dwellings would be for such dwellings to use district heat for water heating and the 
minimal space heating winter 'top-up', and gas for cooking. However, the water heating 
load is several times greater than the cooking load. Wlule it would be economic to distribute 
gas just to heat water and provide for the winter space heating requirements, it may not 
worth distributing gas when only used for cooking. 

The following figures illustrate these relationships. The cost of gas distribution for 
cooking alone, at a demand of about 1,200 kWh/year per household, will be about 3.5 
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Pf/kWh; that is, 2.5 Pf/kWh more than the 1 Pf/kWh for a dwelling that uses gas for water 
heating and cooking. Irrespective of energy efficiency, it is reasonable to share metering 
and billing costs, which otherwise add about DM 25/year to the fixed costs of each energy 
carrier, between all mains energy services. We implicitiy assume that this is done. 

Therefore, if this gas costs 6.5 Pf/kWh rather than the normal 4 Pf/kWh, it costs about DM 
78 per year to displace 750 kWh of electricity, the typical amount used by an electric 
cooker. The CCE is therefore around 10 Pf/kWh. 

A similar calculation for replacing more energy-efficient electric cooking by more energy-
efficient gas cooking would give a higher CCE, nearer 18 Pf/kWh. 

Some costs could be reduced further. It should be possible to reduce the fixed costs of gas 
or indeed heat distribution in new dwelling areas by cost-sharing arrangements. For 
instance, it makes economic sense to share trench costs for gas, cold water, district heat 
and mains drainage, where provided. This level of cooperation has actually been achieved 
in a few countries; e.g., Norway and Denmark. 

This discussion is not applicable to rural areas, where gas distribution is ruled out by low 
population density. The only possible fuel substitution here is to replace electric by LPG 
cooking. The unit price of gas is about double, but fixed distribution costs are not incurred. 
These may largely offset each other, leading to broadly similar cost-effectiveness 
relationships. 

Treatment of fuel switching in this study 

Our analysis of fuel switching potentials is limited to space heating, water heating, and 
domestic and commercial process heat. We use our estimates mainly as an input for 
sensitivity analyses regarding the potential for electricity demand reduction. 

Energy service growth and EIFs 

We assume for the purpose of our scenario analysis that advantageous opportunities for 
fuel switching from electricity to gas are sufficient to eliminate all projected 1985-2020 
growth in these end-use categories. This treatment implies that most of the electricity 
demand reduction from fuel switching will be realized in new installations that would have 
been electrically equipped under the business-as-usual forecast of future electricity demand. 
These are likely to have the lowest cost of conserved electricity. 

To obtain the energy intensity factors (EIFs) for calculating the demand-side resource from 
fuel switching, we divide the EIFs of the advanced technology case shown in Table 
A 10.3.36 by the 1985-2020 energy service growth factors for the switchable end-uses 
(see Section L below). This is equivalent to assigning an EIF of zero to that portion of year 
2020 energy service demand that arises from growth. 

Costs of conserved electricity 

Our low estimate for the cost of conserved electricity from fuel switching is 5 Pf/kWh. Our 
high estimate is 12 Pf/kWh. These figures are assumed to include program administration 
costs and T&D credits. Internal gain corrections are not applied to these electricity savings. 
This cost range is biased toward high estimates, given the predominance of switching in 
new installations implied in our estimate of the resource potential. It is thus conservative. 
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K. SUMMARY OF ENERGY INTENSITY FACTORS AND 
COSTS OF CONSERVED ENERGY 

Table A. 10.3.36 summarizes the energy intensity factors (EIFs) used in our study. As 
discussed in Section B, the same EIFs are applied to all five countries.39 The year 2020 
resource potential of electricity savings is calculated by multiplying the 2020 frozen 
efficiency projection of electricity usage in each end-use with these EIFs (see Section M 
below). 

Table A. 10.3.37 summarizes our estimates of the costs of conserved energy to achieve the 
various efficiency improvements analyzed in this report To properly reflect the extended 
time horizon of our study, the figures shown in the table refer to the cost of packages of 
measures consisting of both presently commercial and advanced technologies. 

3 9 An exception are appliances, where our end-use data are sufficiently detailed to make country-by-country 
differentiations. Also, country-by-country differences are explicitly considered in space heating (see Part S). 
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Table A.10.36: I 

End-use 

Space heating 

Water heating 

Lighting 

El. motor drives 

Process 

Appliances 

Summary of energy intensity factors in electricity end uses 

Sector 

Domestic 
Commcl. 
Industry 

Domestic 
Commcl. 

Domestic 
Commcl. 
Industry 

Domestic 
Commcl. 
Industry 

Transport 

Domestic 
Commcl. 
Industry 

Domestic 
Commcl. 

Energy intensity factor (1985 = 1.00) 

Business Best Best comml. 
As Usual Commercial & Advanced 

0.86 0.34 0.34 
0.86 0.34 0.34 
0.86 0.34 0.34 

0.95 0.94 0.61 
0.95 0.94 0.38 

0.90 0.53 0.30 
0.86 0.21 0.09 
0.86 021 0.12 

0.90 0.20 0.20 
0.85 0.57 0.57 
0.95 0.57 0.57 
0.95 0.57 0.57 

0.95 0.60 0.40 
0.95 0.60 0.40 
0.95 0.61 0.61 

0.64 0.39 0.24 
0.64 0.36 0.24 

B.comml. & adv. 
& fuel switch 

022 
024 
0.23 

0.43 
021 

0.30 
0.09 
0.12 

0.20 
0.57 
0.57 
0.57 

0.32 
0.20 
0.61 

0.24 
0.24 

(1) An efficiency factor of 0.7 means a 30 percent saving can be achieved. 
(2) For discussion of ETfs under business-as-usual policies, sec also Section L below. 
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Table A.10.3.37: 

End-use 

Space heating 

Water heating 

Lighting 

El. motor drives 

Process 

Appliances 

Summary of costs of conserved electricity from efficiency improvements 

Sector 

Domestic 

Commcl. 

Industry 

Domestic 

Commcl. 

Domestic 

Commcl. 

Industry 

Domestic 

Commcl. 

Industry 

Transport 

Domestic 

Commcl. 

Industry 

Domestic 

Commcl. 

CCE low (1989 Pf/kWh) 

Technology Internal gains Program T&D credits 

3.0 0.0 0.6 -3.8 

5.0 0.0 0.5 -3.8 

5.0 0.0 0.4 -2.5 

-3.1 1.8 0.6 -3.8 

3.5 1.3 0.5 -2.5 

5.2 1.8 0.6 -3.8 

0.8 1.3 0.5 -3.8 

2.2 0.0 0.4 -2.5 

4.0 1.8 0.6 -3.8 

3.0 1.3 0.5 -3.8 

3.0 0.0 0.4 -2.5 

3.0 0.0 0.4 -2.5 

5.0 1.8 0.6 -3.8 

4.0 1.3 0.5 -3.8 

1.2 0.0 0.4 -2.5 

6.0 1.8 0.6 -3.8 

6.0 1.3 0.5 -3.8 

Total 

-0.3 

1.7 

2.9 

-4.5 

2.8 

3.7 

-1.2 

0.1 

2.5 

0.9 

0.9 

0.9 

3.5 

1.9 

-0.8 

4.5 

3.9 

Technology 

7.0 

7.5 

7.5 

6.0 

5.3 

7.7 

1.7 

4.3 

6.0 

6.0 

6.0 

6.0 

7.5 

6.0 

3.2 

9.0 

9.0 

Internal gains 

0.0 

0.0 

0.0 

3.6 

2.9 

3.6 

2.9 

0.0 

3.6 

2.9 

0.0 

0.0 

3.6 

2.9 

0.0 

3.6 

2.9 

CCE high (1989 Pf/kWh) 

Program 

1.2 

1.0 

0.9 

1.2 

1.0 

1.2 

1.0 

0.9 

1.2 

1.0 

0.9 

0.9 

1.2 

1.0 

0.9 

1.2 

1.0 

T&D credits 

-2.5 

-2.5 

-1.2 

-2.5 

-1.2 

-2.5 

-2.5 

-1.2 

-2.5 

-2.5 

-1.2 

-1.2 

-2.5 

-2.5 

-1.2 

-2.5 

-2.5 

Total 

5.7 

6.0 
7.1 

8.3 
7.9 

10.1 

3.0 

4.0 

8.3 

7.4 

5.6 

5.6 

9.8 
7.4 

2.8 

11.3 
10.3 

(1) Purchasing parity exchange rate 100 Pf (1989) = 0.5 ECU = 0.5 U.S.S. 
(2) Cost corrections from Section B. 



L. SCENARIO ANALYSIS: POTENTIAL AND COSTS OF 
DEMAND-SIDE ELECTRICITY RESOURCES IN 2020 

1. ELECTRICITY DEMAND AND ELECTRICITY SERVICE DEMAND 

In defining the EC-S demand-side electricity resource, we take as a reference point the 
"business-as-usual" electricity forecast of the "Energy for the Next Century" study by the 
Directorate General for Energy (DGXVT1) of the European Commission (CEC 1990). The 
DGXVTI "business-as-usual" forecast already incorporates some efficiency improvements 
in electricity use. In the predominantly econometric forecasting approach used by 
DGXVTI, this efficiency gain is largely conceived of as a market-driven trend or the result 
of autonomous technological progress, and is not explicitly calculated for most electricity 
end-uses. This trend needs to be accounted for when defining efficiency potentials in a 
"bottom-up" fashion, i.e., when these potentials are derived from technical analyses of 
each electricity-using end-use device. 

As discussed at length in Part 1 of the IPSEP study (Chapter 5), the predominantly 
econometric forecasting framework of the DGXVTI analysis does not easily mesh with the 
concept of a demand-side electricity resource as used in integrated resource planning (short 
for least-cost oriented, integrated utility resource planning). In the discussion below, we 
relate DGXVTTs reference forecast to the potentials for increased demand-side efficiency 
and fuel switching we use in our study. 

DGXVTTs reference forecast 

In DGXVIfs "business-as-usual" scenario (SI), demand in the EC-5 region grows by 
about 2 percent per year between 1990 and 2000, and by about 1.4 percent per year in the 
following decade. To obtain a business-as-usual demand for the year 2020, we extrapolate 
the 1990-2010 trend of falling growth rates to 2020. The results for the EC-5 region are 
shown in Table A10.3.38.40 Final electricity demand increases about 1.8-fold, from 1074 
TWh in 1985 to 1923 TWh in 2020. 

4 0 Our base year data are calculated from OECD energy statistics, and thus differ slightly from those 
published by DGXVII, which relies on data compiled by Eurostat. 
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Table A.10.3.38: Reference case electricity demand in the EC-5,1985-2020 

France 

FRG 

Italy 

Netherlands 

UK 

EC-5 region 

France 

FRG 

Italy 

Netherlands 

UK 

EC-5 region 

1985 

249 

350 

174 

61 

243 

1076 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1987 

276 

363 

188 

65 

258 

1151 

1.11 

1.04 

1.09 

1.06 

1.06 

1.07 

1990 2000 2005 2010 2020 
EC SI EC SI EC SI EC SI SI extrap. 

Final domestic electricity demand (TWh/yr) 

301 397 438 482 539 

395 444 461 472 491 

213 278 303 331 366 

71 85 93 104 116 

281 339 357 377 402 

1261 1545 1657 1772 1923 

Index (1985 = 1.00) 

1.21 1.59 1.76 1.94 2.17 

1.13 1.27 1.32 1.35 1.40 

1.22 1.60 1.74 1.90 2.11 

1.15 1.38 1.52 1.69 1.89 

1.16 1.40 1.47 1.55 1.66 

1.17 1.44 1.54 1.65 1.79 

(1) Domestic demand is net of exports, based on OECD energy balances. 
(2) Generating requirements are final demand plus T&D losses and energy sector consumption. 
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Following the procedure outiined in Part 1, Chapter 5 of the IPSEP study, we next define 
the level of electricity demand that would result if no improvements in end-use efficiency 
were to occur along with the business-as-usual growth in energy services (frozen efficiency 
forecast). This frozen efficiency forecast defines the aggregate energy service growth 
implied in DGXVITs predominantly top-down projection of electricity demand. This 
aggregate figure is then used as a basis for comparing and reconciling that projection with 
our bottom-up analysis of energy service growth. 

Frozen efficiency forecast using bottom-up methodology 

As explained in Part 1, Chapter 5 of the IPSEP study, a frozen efficiency forecast is based 
on the same increases in the use of appliances, lighting, motors, and other end-use devices 
as the reference case, but excludes the influence of efficiency changes. It is a convenient 
energy-weighted indicator of increases in the demand for electricity services. Our EIFs in 
Table A. 10.3.36 for the frozen efficiency scenario take the average existing stocks of 
buildings, plant, equipment, and vehicles in 1985 as the reference point A dynamic frozen 
efficiency forecast can be calculated by shifting this reference point to the energy efficiency 
of average new sales in the 1985-1991/93 period, using the data discussed in Sections D-K 
above. 

The business-as-usual reference case results in a somewhat lower demand projection than 
the static frozen efficiency case, since some energy efficiency improvements will be 
incorporated even under existing market conditions and policies. Table A. 10.3.36 above 
shows our end-use by end-use estimates of such efficiency gains. For a number of end-
uses, we estimate the business-as-usual efficiency gains by calculating the EIFs that result 
from comparing 1985 average existing stocks with 1991/93 average new sales. We then 
assume that these are already incorporated into the (extrapolated) DGXVTI forecast. In the 
aggregate, efficiency improvements from business-as-usual market trends make the 
DGXVII demand forecast 13.5 percent lower than demand would have been if end-use 
efficiencies in each electricity application had been frozen at base-year levels. This means 
that a frozen efficiency scenario would have resulted in a demand of 2223 TWhe. 

2. ENERGY SERVICE GROWTH FACTORS BY END-USE 

Table A. 10.3.39 summarizes the service growth factors (ESFs) for the various end-uses in 
our scenario analysis. The end-use structure for these ESFs is considerably more 
aggregated than our technical analysis in Sections D-K and in Parts 5 (buildings) and 6 
(industry). Given existing uncertainties in 1985 baseline energy use by function, this more 
aggregated form of presentation is a sufficient approximation for our supply curve 
integration of demand-side and supply-side resources as performed in Part 3A. 
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Table A.10.3.39: Summary of energy service growth factors in electricity end uses for 1985-2020, EC-5 

End-use 

Space heating 

Scaled to DGXVII 

Water heating 

Scaled to DGXVII 

Lighting 

Scaled to DGXVII 

El. motor drives 

Scaled to DGXVII 

Process el. 

Scaled to DGXVII 

Appliances 

Scaled to DGXVII 

All end-uses 
Scaled to DGXVII 

Sector 

Domestic 
Commcl. 
Industry 

Total 

Domestic 
Commcl. 

Total 

Domestic 
Commcl. 
Industry 

Total 

Domestic 
Commcl. 
Industry 

Transport 
Total 

Domestic 
Commcl. 
Industry 

Total 

Domestic 
Commcl. 

Total 

Domestic 
Commcl. 
Industry 

Grand total 

Energy service growth factor (1985 = 1.00) 

France 

2.00 
2.00 
1.50 

2.00 
2.00 

1.58 
2.42 
1.82 

2.00 
1.82 
223 
1.50 

1.58 
2.42 
2.41 

1.96 
3.03 

2.24 
2.59 
2.63 

2.49 

Germany 

1.10 
1.10 
1.13 

1.25 
1.57 

1.02 
1.57 
1.18 

1.10 
1.18 
1.45 
1.50 

1.02 
1.57 
1.56 

1.94 
1.96 

1.63 
1.56 
1.63 

1.61 

Italy Netherlands 

1.10 
1.10 
1.13 

1.25 
2.36 

1.53 
2.36 
1.77 

1.10 
1.77 
2.17 
1.50 

1.53 
2.36 
2.35 

2.68 
2.94 

2.17 
2.30 
2.43 

2.34 

1.00 
1.00 
1.13 

1.25 
2.12 

1.38 
2.12 
1.59 

1.00 
1.59 
1.95 
1.50 

1.38 
2.12 
2.10 

1.87 
2.64 

1.97 
238 
2.27 

222 

UK 

1.60 
1.60 
1.13 

1.25 
1.86 

1.21 
1.86 
1.39 

1.60 
1.39 
1.71 
1.50 

1.21 
1.86 
1.85 

2.18 
2.32 

1.97 
2.03 
1.98 

1.99 

EC-5 

1.75 
1.61 
1.45 

1.64 

1.65 
2.13 

1.88 

1.30 
2.00 
1.50 

2.07 

1.75 
1.50 
1.84 
1.50 

2.03 

1.30 
2.00 
1.99 

2.15 

2.12 
2.50 

2.51 

1.97 
2.08 
2.10 

2.05 

(1) An ESF of 2.0 means a doubling of energy service consumption (weighted by 1985 final energy use). 
(2) Sector-by sector ESFs for individual end-uses (right-justified) from bottom-up market and saturation analyses. 
(3) Bold-faced, centered ESFs are scaled up to make bottom-up projection of frozen efficiency demand = 2223 TWh. 

After correcting for efficiency gains in the business-as-usual scenario, electricity demand becomes die same 
as top-down projection of total electricity demand as derived in Table A.10.3.38. 
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The country-by-country differentiation of these growth factors is based on the country-by-
country variations of overall demand growth found in the projections by DGXVII (CEC 
1990). These country-by-country differences of electricity growth reflect national forecasts 
compiled by DGXVII. They capture differences in economic development, cultural 
differences in consumer habits, climatic differences, and differences in utility sector 
policies, such as the aggressive electrification of thermal end-uses in France (see also 
Section J above). 

The table shows two types of data. The first kind (plain type face) are the seventeen ESFs 
for the six thermodynamic or functional end-use categories. These are the growth factors 
derived from our bottom-up analysis. The second kind (bold face, all-end use totals by 
country and EC-5 totals by end-use) are the growth factors actually used in our scenario 
calculations. These growth factors (labeled "scaled to DGXVTI" in the table) result when 
our bottom-up ESFs are adjusted to reproduce the business-as-usual demand forecast 
derived from the DGXVTI analysis. These scaled ESFs are applied to 1985 electricity use 
in TWh by sector and end-use (Section C above, Table A. 10.3.7) to calculate the energy-
weighted 1985-2020 increase in levels of energy services. The reasons for the upward 
adjustment of the ESFs is further explained below. 

Results: business-as-usual level of year 2020 electricity demand 

As shown in Table A. 10.3.39, the overall growth of electricity services between 1985 and 
2020 is about 105 percent (ESF 2.05). This average doubling in the EC-5 region as a 
whole comprises significant national differences: a 2.5-fold increase in France at the high 
end of the range, and a 1.6-fold increase in Germany at the low end of the range. These 
extremes reflect, among other things, the already higher levels of income and 
industrialization in the FRG, and aggressive electrification of thermal end-uses in France. 

Significant differences also exist across end-uses, with electric space heating growing by 
two thirds and appliances including electronics growing by an energy-weighted factor of 
2.5. By contrast, the average growth factors for energy services in the three sectors are 
remarkably similar. 

Discussion 

We started our calculations from the end-use by end-use saturation and other market trends 
discussed in Sections D-K. In a first iteration, we developed a series of saturation-limited 
estimates that took account of trends since the 1970s and projections of growth in 
individual end-uses. Where necessary (i.e., in space and water heating, industrial motor 
drives and process use), the sector-by-sector growth factors were adjusted upward to take 
into account promotional campaigns (electrification of space and water heating or other 
thermal end-uses in the residential and commercial sector) or to reconcile the lower 
estimates from bottom-up analysis with the predominantiy econometric growth projections 
of DGXVII (industrial motor drive and process use). Because of these adjustment, the 
figures shown in Table A. 10.3.39 should be considered upper limit growth factors under 
the range of economic scenarios analyzed by DGXVII. 
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Even with these adjustments, the gap between the DGXVH-derived demand level and the 
demand levels predicted from our bottom-up, frozen efficiency analysis could not be fully 
eliminated. Important saturation trends, and related shortcomings of DGXVII's trend 
projections, are summarized below. 

Industry 

In industry, which alone accounted for 43 percent of 1985 electricity use, we investigated 
the relationship of energy demand projections based on value added (VA) growth to 
projections based on growth in material output and on bottom-up process analysis of 
energy input requirements (Part 6 of the IPSEP study). In the period since 1973, final 
electricity intensity of VA rose by only about 10 percent in Western Europe. Intersectoral 
structural change (i.e., smaller contributions to total industrial production from energy-
intensive primary materials industries) was unimportant in this outcome (Howarth and 
Schipper 1991). Electricity intensity did increase in steel-making, where more electric 
furnaces were used. But in other industries, such as chemicals, it actually declined. This 
decline was due both to market-driven energy efficiency investments, and to changes in the 
product basket. 

Our process-based analysis in Part 6 ensures that these complex dynamics are explicitly 
captured. A pronounced discrepancy is found between bottom-up projections of modest 
growth in electric motor drives, which most industrial process analyses show to be already 
saturating, and the much higher growth that needs to be assumed for this dominant end-use 
in order to arrive at the overall industrial electricity demand projections put forth in the 
DGXVII analysis. Detailed engineering analyses show that this gap can in no way be 
explained by the small additional requirements of robotics or other forms of 
computerization (see Part 6). 

Generally speaking, bottom-up oriented industrial process analysis and market studies 
reveal a wide discrepancy between plausible growth in final-energy weighted industrial 
energy services, which is measured by tonnage output, and the projected growth in value 
added that is derived from macroeconomic modeling calculations. In econometric 
projections of industrial electricity use, statistical data from the period after 1973 are often 
neglected, and prospective analyses of future technological developments are rarely fully 
incorporated. As a result, past econometric forecasts have consistently overprojected 
industrial energy and electricity demand. 

Although there is no reason to believe that DGXVII's projections don't contain the same 
bias toward excessive demand projections, we adopt as our 1985-2020 growth factor for 
industrial drives the value implied in DGXVII's forecast, i.e., an ESF of 1.84 (see Table 
A. 10.3.39). In the case of process electricity services, we go even further, by increasing 
the ESF of 1.53 derived from DGXVII's value added projections in Part 6 to an ESF of 
2.0. This increase can be thought of as reflecting the promotional electrification of thermal 
process end-uses that is evident in France, and/or as making allowance for the emergence 
of new, economically more advantageous electricity-based processes. We then use the 
same higher factor for commercial water heating and other commercial sector process heat. 
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Space and water heating 

In electric space and water heating, which accounted for another 23 percent of electricity 
use in 1985, further electrification is limited by unfavorable economics relative to direct fuel 
use. In the case of space heating, we also take into consideration the problematic effects of 
further electrification on the load characteristics of the electric power system. To cope with 
unexpectedly severe winters, large penetrations of electric heating lead to enormous reserve 
requirements, as best illustrated by the mounting load management difficulties and 
inefficient capacity utilization in the French utility system (see Part 3E). 

Our growth assumptions allow for larger dwelling space per capita as incomes grow and 
household sizes decrease further. We also consider increased comfort levels in the UK, 
where heating comfort levels are below par when compared to the rest of the EC-5 region. 
In addition, we accounted for promotional electrification campaigns, notably in France. 
The result is an average domestic space heating ESF of 1.75, with somewhat lower 
percentage increases in the commercial and industrial sectors. 

Appliances and electronics 

In appliances, our energy service factors are based not only on saturations observed among 
the wealthier households in the most well-to-do countries, but also on income effects. 
With rising incomes, people may also buy larger refrigerators and freezers, as already 
observed in some of the Scandinavian countries. 

In the area of new electronic devices, we explicitly and generously accounted for expected 
growth in office and consumer electronics, which have been penetrating the market with 
enormous speed (see Section E). The cumulative effect of widespread ownership of 
personal computers, fax machines, video recorders, etc. in the residential sector is probably 
equivalent in electricity terms to the introduction of an additional "generic" appliance 
consuming some 200-300 kWh per year. Less obvious to the consumer, efficiency 
improvements have also been very rapid, which is moderating the power requirements of 
these new devices. 

Our energy-weighted average ESF of 2.12 for domestic appliances includes the complete 
penetration of several new electronic devices. On account of currently low or negligible 
saturations, the ESFs for these new technologies are an order of magnitude larger than the 
average value for appliances as a whole (see Section E). 

In the commercial sector, we have performed a detailed analysis of future growth prospects 
and power requirements for computers, xerox machines, and other office electronics 
(Section E). Our weighted average ESF of 2.5 across all commercial appliances (including 
those that are already widely distributed) takes into account that these end-uses have 
become a major portion of the commercial sector electricity budget, though lighting, air 
conditioning, and ventilation needs continue to dominate. As in the case of consumer 
electronics, the electricity intensity of office equipment is declining, in some cases 
dramatically, due to technological advances, though that process could be further 
accelerated as recent experience with government-manufacturer voluntary programs shows. 
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Remaining demand gap after adjustments of bottom-up estimates 

As discussed above, all the end-uses that are frequentiy cited as driving high levels of 
electricity growth — electrification of space and water heating, office electronics, robots, 
and new industrial electricity applications such as electric steel making — have already been 
incorporated into our bottom-up analysis. Nevertheless, the calculated total year 2020 
electricity demand still remains far below the business-as-usual forecast of 1923 TWh 
(Table A. 10.3.38 above). 

The ESFs from our bottom-up analysis (plain face figures in Table A. 10.3.39) yield a year 
2020 electricity demand of only 1820 TWh (frozen efficiency). After applying our 
estimated efficiency gains under business-as-usual policies and trends (Table A. 10.3.36 
above), the equivalent bottom-up forecast of business-as-usual electricity demand becomes 
1651 TWh for the EC-5 region. This figure is 272 TWh or 14 percent lower than the 
business-as-usual estimate of 1923 TWh we derived from the predominantly top-down 
DGXVII projections. 

There is no discernible additional growth element significant enough to close this gap, even 
if electric vehicles were widely introduced to help cut urban air pollution. For illustrative 
purposes, we assume that 20 percent of passenger km is shifted from conventional to 
electric cars (mainly in urban driving, see Part 4 of the IPSEP study). We also include in 
our sensitivity test the additional electricity needed for shifting about a quarter of passenger 
and freight transport to electric rad, as envisioned in DGVITs "sustained high growth" 
scenario (Scenario S3). 

In combination, these modal and technology shifts in the transport sector would increase 
2020 demand by about 70 TWh.41 This is only about a quarter of the remaining demand 
gap. 

Conclusion: reference level of demand is upper limit 

Because of widespread saturation trends in established electricity applications and limited 
new applications with economic potential, a higher electricity growth rate than assumed in 
the above analysis is difficult to conceptualize. The year 2020 electricity demand level used 
in our scenario analysis (1923 TWh) is at least 200 TWh above the highest demand level 
that can be plausibly derived from DGXVTTs (optimistic) economic forecasts. 

Given this excess level of demand in the reference case, our scenario analysis can be 
considered immune to the inherent uncertainties in the economic modeling that drives 
forecasts of energy service demand. In accordance with this upper-limit nature of our 
business-as-usual demand projection, we do not introduce any sensitivity cases for our 
reference scenario in our integrated resource analysis in Part 3 A. Only one reference level 
of year 2020 electricity demand is used throughout the study. 

4 1 About a third of this total would be required for the expansion of rail transport. Electric cars would be 
the dominant factor. Note that our demand-side efficiency (DSE) resource for this high demand sensitivity 
case remains the same in absolute terms, i.e., no efficiency improvements are assumed for these additional 
electric transport end-uses. Though new technologies can be assumed to be already more energy efficient, 
the assumption of constant efficiencies, which partly reflects current uncertainties about the performance of 
electric vehicles, is conservative. 
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3. ELECTRICITY RESOURCES FROM DEMAND-SIDE EFFICIENCY AND FUEL 
SWITCHING 

Table A. 10.3.40 translates the energy intensity factors of Table A. 10.3.36 and the energy 
service growth factors of Table A. 10.3.39 into all-sector averages and into absolute 
resource quantities for the year 2020. We find that with commercially available 
technologies, the weighted average savings percentage across all end-uses would be 52 
percent relative to frozen efficiency demand (EIF 0.48). With advanced technologies, this 
figure is 59 percent (EIF 0.41). When including fuel switching (see Section J above), total 
savings become 62 percent These relationships are further illustrated in Figure A. 10.3.2. 

Gross and net demand-side resource 

To calculate the demand-side efficiency resource in absolute (i.e., TWh) terms, we multiply 
the frozen efficiency demand of 2223 TWhe with the above weighted average efficiency 
factors (Table A. 10.3.40 and Figure A. 10.3.2). The difference between the resulting 
figure and the frozen efficiency demand is the gross DSE resource. As shown in the table, 
the gross DS resource is 1166 TWh for presently commercial technology, about 1310 TWh 
with presently commercial plus advanced technologies, and about 1375 TWh when fuel 
switching is also added. 

From this gross resource, we then subtract the DSE resource of 300 TWh that we estimate 
to be already incorporated into the DGXVII forecast (based on an EIF of 0.865). This then 
yields the net DSE resource relative to our business-as-usual case (Figure A. 10.3.2). 

Table A. 10.3.40 shows that this net resource is sufficient to reduce business-as-usual 2020 
electricity demand by 45 percent if only presentiy commercial technologies are considered. 
In this case, electricity demand is essentially returned to the 1985 level. With current plus 
advanced technologies, 53 percent of year 2020 business-as-usual demand can be 
eliminated. The remaining demand is 15 percent below the 1985 level (Figure A 10.3.2). 

When fuel switching opportunities in space heating, water heating, and residential 
appliances are taken into account as well, the saved fraction rises to 64 percent Remaining 
demand is 21 percent below the 1985 level. 

The corresponding absolute quantities for the net DS resource are 865 TWh (currently 
commercial), 1010 TWh (currently commercial plus advanced), and 1075 TWh (advanced 
plus fuel switching). In our further discussions, we define the combined potential from 
currently commercial and advanced technologies as the full DSE resource potential We 
count the fuel switching potential as a separate, additional demand-side resource that is 
considered for sensitivity analyses. 
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Table A. 10.3.40: Year 2020 demand-side electricity resource potentials in the EC-5 region 

Reference final el. demand in 2020 (SI extrap.) 

Frozen efficiency final el. demand in 2020 

Weighted average EIF 2020/1985, gross 

Gross DSE resource 

DSE implemented in reference case 

Net DSE/fuel switching resource 

Net DS resources as a fraction of 2020 b.a.u. demand 

El. demand in 2020 (100% Implementation) 

Demand relative to 1985 el use 

TWh.e 

TWh.e 

TWh.e 

TWh.e 

TWh.e 

TWh.e 

1923 

2223 

Presently 
Comml techs 

0.48 

1166 

300 

865 

0.45 

1058 

0.98 

1923 

2223 

incl. advanced 
technologies 

0.41 

1310 

300 

1010 

0.53 

913 

0.85 

1923 

2223 

incl. adv. techs 
& fuel switching 

0.38 

1375 

300 

1075 

0.56 

848 

0.79 

(1) Reference demand level is business-as-usual level as derived in Table A.10.3.38. 
(2) Frozen efficiency demand level is based on the business-as-usual EIFs from Table A.10.3.36 

and on the adjusted ESFs from Table A. 10.3.39. 
(3) Frozen efficiency scenario is based on static frozen efficiency concept (see Part 1, Chapter 5). 
(4) Demand-side efficiency (DSE)/fuel switching resource is based on the EIFs shown in Table A.10.3.36. 
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Figure A.10.3.2: EC-5 DSE Resource Potential and Final Electricity Use 1985- 2020 
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Thus defined, our DSE potential represents the equivalent of about 200 large (1000 MW) 
powerplants. This large savings potential is based on the full penetration of efficiency 
measures into all applications, and on the optimized use of efficiency technologies in each 
application. As such, the full DSE resource represents a maximum for the year 2020 that 
may not be reached by that year in practice. How close to the full potential one could get 
depends primarily on the policies pursued to overcome market and information barriers that 
currendy impede end-use efficiency improvements. 

Utilization of the DSE potential in DGXVII scenarios 

Our research indicates that the demand-side electricity resource potential in Western Europe 
is significandy larger than reported in DGXVII's background working document (CEC 
1990a). As a result, the actual demand-side resource remains significantly underutilized in 
the DGXVII analysis even if one considers that the shorter time horizon (2010 versus 
2020) of the CEC study reduces capital stock turnover and might cut the maximum 
achievable resource by a third.42 

4. ACHIEVABLE VERSUS TECHNICAL POTENTIAL 

If applied consistendy and within an overall least-cost policy framework, the combination 
of a number of policy instruments (procurement programs, energy efficiency extension 
services, utility incentive programs, standards, tariff reforms and externality charges, etc., 
see Krause (1994) and Section B above) can be expected to eventually bring about the full 
potential of efficiency improvements as calculated here. But in the context of the present 
study, it is important to understand the effect on carbon reduction goals if this technical 
potential should not be fully realized by a given time horizon. 

Achievable fraction 

We address this issue in our scenarios by introducing the concept of an achievable fraction. 
This fraction, which is varied in 25 percent increments from 25 to 100 percent, indicates 
the maximum utilization of the full technical potential that is considered feasible in each 
scenario variant. We thus make the implementation of DSE potentials an explicit variable in 
scenario formulation. 

Whether this maximum fraction is actually reached in the scenario in question depends 
additionally on the cost-effectiveness of the DSE resource compared to all the other 
resource options for meeting electricity demand (see below). 

4 2 Starting from an EIF in 2020 of 0.41, the EIF for 2010 would be 1 - (l-0.41)*2/3 = 0.61. 
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5. THE COST OF DEMAND-SIDE ELECTRICITY RESOURCES 

Supply curve of electricity savings 

Tables A.10.3.41a and 41b show our supply-curve data for the year 2020 DSE resource in 
the EC-5 region. They are obtained by calculating the absolute (TWh) savings in 2020 
from the growth factors in Table A.10.3.39 and from the differences in EIFs between the 
business-as-usual case and the currently commercial plus advanced technology case in 
Table A.10.3.36. The resulting TWh increments show savings relative to the business-as-
usual projections used as our reference case. The various TWh increments are then ordered 
on the basis of increasing cost, using the high and low data from Table A. 10.3.37. 
Figures A. 10.3.3a and 3b summarize these data in graphic form. 

On a weighted average basis, DSE resources cost 1.2 Pf/kWh in the low case and 6.4 
Pf/kWh in the high case, including all cost corrections (see also Sections B and K). For 
comparison, Figures A. 10.3.3a and 3b show the avoided marginal costs of electricity 
supplies, based on the least cost case developed in Part 3A of the IPSEP study. These 
avoided costs decline somewhat as larger savings are realized (see Section L.6 below for 
further discussion). 

It is evident from the Figures that with low cost assumptions, all of the demand-side 
resources are easily cost-effective. With high cost assumptions, close to 200 TWh or 15 
percent of the DSE resource potential would be more costly than additional supplies. 
Under low cost assumptions (which include high T&D credits), fuel switching is similarly 
cost-effective as demand-side efficiency improvements. Under high cost assumptions 
(which apply predominantly when considering existing buildings without gas hook-ups, 
see Section J above), fuel switching would probably not be cost-effective from a societal 
perspective. 
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Table A.10.3.41a: 

Supply 
curve 

segment 
# 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

End-use 

Water heating 
Lighting 
Process 
Space heating 
Lighting 
Motor drives 
Motor drives 
Space heating 
Process 
Motor drives 
Water heating 
Space heating 
Process 
Lighting 
Appliances 
Appliances 

Supply curve of year 2020 electricity savings: LOW cost case 

Sector 

Domestic 
Commercial 

Industrial 
Domestic 
Industrial 

Commercial 
Industrial 

Commercial 
Commercial 

Domestic 
Commercial 

Industrial 
Domestic 
Domestic 

Commercial 
Domestic 

Low 
CCE 

Pf/kWh 

-4.5 
-1.2 
-0.8 
-0.3 
0.1 
0.9 
0.9 
1.7 
1.9 
2.5 
2.8 
2.9 
3.5 
3.7 
3.9 
4.5 

Implementation level 
25% 50% 75% 

EC-5 DSE Resource Potential 
TWh TWh TWh 

5 10 15 
34 68 102 
23 47 70 
18 35 53 
9 19 28 
7 13 20 
59 119 178 
16 32 48 
5 10 15 
7 13 20 
10 20 30 
5 11 16 
6 12 19 
6 13 19 
8 16 24 

34 68 102 

100% 

TWh 

20 
136 
93 
70 
37 
26 

237 
63 
20 
26 
40 
21 
25 
26 
32 
136 

Errata Sheet: correct labels for end-uses in Table 41b should read as follows (figures remain the same): 

Table A.l0.3.41b: Supply 

Supply 
curve 

segment 
# 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

End-use 

Process 
Lighting 
Lighting 
Motor drives 
Space heating 
Space heating 
Space heating 
Motor drives 
Process 
Water heating 
Water beating 
Motor drives 
Process 
Lighting 
Appliances 
Appliances 

curve of year 2020 electricity savings: HIGH cost case 

Sector 

Industrial 
Commercial 
Industrial 
Industrial 
Domestic 

Commercial 
Industrial 

Commercial 
Commercial 
Commercial 

Domestic 
Domestic 
Domestic 
Domestic 

Commercial 
Domestic 

High 
CCE 

PflkWh 

2.8 
3.0 
4.0 
5.6 
5.7 
6.0 
7.1 
7.4 
7.4 
7.9 
83 
8.3 
9.8 
10.1 
10.3 
11.3 

Implementation level 
25% 50% 75% 

EC-5 DSE Resource Potential 
TWh TWh TWh 

23 47 70 
34 68 102 
9 19 28 
59 119 178 
18 35 53 
16 32 48 
5 11 16 
7 13 20 
5 10 15 
10 20 30 
5 10 15 
7 13 20 
6 12 19 
6 13 19 
8 16 24 

34 68 102 

100% 

TWh 

93 
136 
37 
237 
70 
63 
21 
26 
20 
40 
20 
26 
25 
26 
32 
136 



Figure A.10.3.3a: Supply Curve of Electricity Savings for the 
EC-5 region in 2020: LOW Cost Assumptions 

20 

1 5 -

s 
f 
B 

! 

I 

10-

5-

0 -

-5 

Discount Rate: 5% 
Electricity use: 

in 1985 =1076 TWh 
Reference case electricity use 
for year 2020 =1923 TWh 

53% of 
Reference 2020 

Use 

Marginal cost of avoided electricity supplies: LC low case 

16 

U 1 4 -

10, 
1112 

200 
T*-* 1-

400 
—r-"—' 
600 800 

-1—r—' 
1000 1200 

Cumulative Savings (TWh) 

Page A. 10.3.212 



Figure A.10.3.3b: Supply Curve of Electricity Savings for 
the EC-5 region in 2020: HIGH Cost Assumptions 
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6. ECONOMIC SAVINGS AND REDUCTIONS IN CARBON EMISSIONS FROM 
MORE EFFICIENT ELECTRICITY USE 

Overview: Key factors and need for integrated analysis 

The economic benefit and the impacts on carbon emissions from the more efficient use of 
electricity cannot be determined without an integrated analysis of both supply-side and 
demand-side resources. Savings accrue both from the reduction in needed TWh of 
generation, and from the lowering of the unit cost of generation as less power is needed. 
In addition, the economic benefit of DSE resources depends on the policy context A 
detailed analysis of these factors is found in our integration report for the power sector 
(Part 3A of the IPSEP study). Below, we summarize the findings that highlight the 
economic role of demand-side resources. 

Savings from less generation 

To determine the economic savings from implementing the demand-side efficiency 
resources in the EC-5 electricity sector, it is necessary to specify a supply-side resource 
mix for the year 2020 time horizon. This resource mix depends on future fuel prices, R&D 
policies, policies to internalize environmental externalities, and on utility regulatory reforms 
to improve economic efficiency in the power sector. Therefore, the economic benefit of 
implementing available demand-side resources also depends on these factors, and 
specifically on the policy framework. 

Savings from cheaper generation 

For any given policy framework, the resource mix will further vary with the level of 
implementation of the efficiency potential (in our analysis, 25%, 50%, 75%, and 100%). 
As larger fractions of the DSE resource potential are implemented, remaining demand can 
be met at a lower average generating cost, because some of the more expensive supply 
options can be avoided. 

Influence of alternative policy contexts 

The two major policy orientations distinguished in our report are policies aimed at 
minimizing the economic costs of meeting electricity demand (Least cost case, or LC), and 
policies aimed at minimizing carbon emissions. In the case of minimizing carbon 
emissions, we distinguish between policies that seek to minimize carbon emissions alone 
(minimum carbon case, or MINC), and policies that seek to reduce both global warming 
risks and other environmental threats, such as those connected with nuclear power 
generation (minimum risk case, or MTNR). 
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Because the net carbon burden of demand-side efficiency improvements is essentially zero, 
the value of demand-side resources to society is greater under carbon or risk minimizing 
policies than under least cost policies. Under the strictest carbon reduction policy, the 
resource portfolio in the utility sector would be assembled on the basis of lowest carbon 
burdens per kWh alone. This approach might be chosen if ambitious reduction targets are 
to be met In a hybrid approach, the utility sector resource mix is assembled on the basis of 
their marginal cost of carbon reduction (MINR/LC or MINC/LC cases). 

Calculation of aggregate DSE benefits in this report 

For the purposes of the present report, we calculate the economic benefit of demand-side 
efficiency improvements for only one policy context: the policy objective of least economic 
cost (in the private, internal sense). 

The reference point is the cost of year 2020 electricity services when none of the net DSE 
resources are mobilized. It is assumed that by 2020, the business-as-usual demand level of 
1923 TWh is met by a least-cost mix of generating sources (least cost case). This least cost 
supply mix is developed in detail in Part 3A of the IPSEP study. There, the same 25%, 
50%, 75% and 100% implementation levels are used for the resource potentials of 
unconventional generating sources such as cogeneration and renewables. 

Following the framework of our analysis in Part 3A, we examine four sensitivity cases in 
which fuel price and technology cost assumptions are permutated: 

— LOW: low fuel prices, low capital costs (for both supply-side and 
demand-side resources) 

— HIGH: high fuel prices, high capital costs 

— LF, HC: low fuel prices, high capital costs 

— HF, LC: high fuel prices, low capital costs 

Results: Cost-effectiveness of DSE resources 

The cost-effectiveness of the resource potential for more efficient electricity use is shown in 
Figure A. 10.3.4. With low cost assumptions for efficiency improvements (Low/Low and 
High Fuel/Low Capital cost cases), the full demand-side efficiency resource is cost-
effective. With high DSE costs, a portion of available efficiency improvements becomes 
more expensive than additional supplies. When supply-side costs are also high (high fuel 
prices and high capital costs), about 80 percent of the DSE resource remains cost-effective. 
With low fuel prices (but high capital costs), fossil-fired central stations and cogeneration 
plants are cheap enough to eliminate about a third of the demand-side resource. 

As discussed at length in Part 3A and Part 3C, the most plausible combination under an 
aggressive climate protection policy is for (pre-tax) fossil fuel prices to be low and DSE 
and renewable resource costs to also be low, on account of accelerated market creation and 
R&D efforts. 
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Figure A.103.4: EC-5 Final Electricity Use in 1985 and 2020 under Least Cost 
and Risk Minimization Policies 

2800 

2400-

2000-

1600-

1200-

800-

400-

0 

Electricity Service Demand 
(2223 TWh =1985x2.05) 

Reference case 
(1923 TWh = 1985 x 1.79) 

Least Cost LF, HC (100%) case, 
/ (1264 TWh = 1985x1.17) 

\ 

Least Cost HIGH (100%) case 
(1106 TWh =1985x1.03) 

MINRisk, LC Low and HF/LC 
(100%) cases (913 TWh = 1985 x 0.85) 

1985 2020 

Note: straight line connecting 1985 and 2020 is for illustration only. It does not represent actual demand in intermediate years. 



Results: Reductions in electricity bills 

The aggregate reductions in year 2020 electricity bills for the EC-5 region are shown in 
Tables A. 10.3.42a and 42b and in Figures A. 10.3.5a and 5b. The figures show both the 
direct savings from displaced generation and the indirect savings from shifts toward 
cheaper generation. We discuss findings for the 100% implementation case. 

Total year 2020 reductions in the EC-5 electricity bill range from 46 to 102 billion DM 
(1989), equivalent to 23-51 billion ECU/yr. In percentage terms, these figures represent a 
major portion of the business-as-usual electricity bill: a minimum of 14 percent to a 
maximum of 37 percent. 

Tables A. 10.3.42a and 42b also show the unit cost of generation, averaged across all load 
segments. As demand-side efficiency resources are mobilized, this average cost of 
generation is progressively lowered. With complete mobilization (100% case), As shown 
in Figures A. 10.3.5a and 5b, the large majority of these savings result from the 
displacement of generation, but a significant, 8-13 billion DM (ca. 10-20 percent) portion 
arises from shifts in the generating mix toward lower-cost resources as electricity demand 
is diminished. 
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Table A.10.3.42a: 2020 EC-5 electricity bill s 

Energy services 

Supply-side cost assumptions 
Demand-side cost assumptions 

2020 demand, static frozen eff., TWh 
Reference efficiency gains 

Least-cost supply mix w.o. DSE 

Demand-side resources, TWh 
Year 2020 electricity demand, TWh 
Unit cost of generation, Pf/kWh.e 

Total demand-side costs, billion DM 
Total generating cost, billion DM 
A&G cost, billion DM 
T&D cost, billion DM 
Total electricity cost, billion DM 

Least-cost supply mix with DSE 

Demand-side resources, TWh 
Year 2020 electricity demand, TWh 
Unit cost of generation, Pf/kWh.e 

Total demand-side costs, billion DM 
Total generating cost, billion DM 
A&G cost, billion DM 
T&D cost, billion DM 
Total electricity cost, billion DM 

Net change in electricity bill 
billion DM 

percent reduction of electricity bill 

LC 
25% 

LF.LC 
low 
2223 
300 

0 
1923 
7.1 

4 
137 
48 
96 

285 

252 
1671 
7.0 

7 
116 
48 
86 

257 

-28 
-10% 

avings from DSE, Least-cost Low/Low and High/High 

LC 
25% 

HF.HC 
high 
2223 
300 

0 
1923 
9.3 

9 
179 
48 
96 
332 

218 
1705 
9.2 

22 
156 
48 
94 
320 

-12 
-4% 

LC 
50% 

LF.LC 
low 
2223 
300 

. 

0 
1923 
7.0 

4 
134 
48 
96 

282 

505 
1418 
6.5 

10 
92 
48 
76 

226 

-56 
-20% 

LC 
50% 

HF.HC 
high 
2223 
300 

0 
1923 
9.1 

9 
175 
48 
96 
329 

437 
1486 
8.8 

34 
131 
48 
92 
305 

•24 
-7% 

LC 
75% 

LF.LC 
low 
2223 
300 

0 
1923 
6.8 

4 
131 
48 
96 
279 

757 
1166 
6.1 

13 
71 
48 
66 
198 

-81 
•29% 

LC 
75% 

HF.HC 
high 
2223 
300 

0 
1923 
8.9 

9 
172 
48 
96 
326 

655 
1268 
8.3 

47 
105 
48 
90 

289 

-36 
•11% 

LC 
100% 

LF.LC 
low 
2223 
300 

0 
1923 
6.6 

4 
127 
48 
96 
276 

1009 
914 
5.7 

16 
52 
48 
56 
173 

-102 
-37% 

LC 
100% 

HF.HC 
high 
2223 
300 

0 
1923 
8.8 

9 
169 
48 
96 
322 

816 
1107 
7.9 

53 
87 
48 
88 

276 

-46 
-14% 

(1) Supply-side calculations from Part 3A. Costs in 1989 DM. 1 DM = 0.5 ECU = 0.5 USS (purchasing power parity). 
(2) Low-carbon supply sources include gas-fired cogeneration, existing hydro, and new renewables. 
(3) Conventional supply sources include coal, oil, and gas central stations and nuclear reactors. 
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Table A.103.42b: 2020 EC-5 electricity bill savings from DSE, Least-cost LF/HC and HF/LC 

Energy services 

Supply-side cost assumptions 
Demand-side cost assumptions 

2020 demand, static frozen cff.. TWh 
Reference efficiency gains 

Least-cost supply mix w.o. DSE 

Demand-side resources, TWh 
Year 2020 electricity demand, TWh 
Unit cost of generation, PfAWfue 

Total demand-side costs, billion DM 
Total generating cost, billion DM 
A&G cost, billion DM 
T&D cost, billion DM 
Total electricity cost, biUion DM 

Least-cost supply mix with DSE 

Demand-side resources, TWh 
Year 2020 electricity demand, TWh 
Unit cost of generation, Pf/kWh.e 

Total demand-side costs, billion DM 
Total generating cost, billion DM 
A&G cost, billion DM 
T&D cost, billion DM 
Total electricity cost, billion DM 

Net change in electricity bill 
billion DM 

percent reduction of electricity bill 

LC 
25% 

LF.HC 
high 
2223 
300 

0 
1923 
7.4 

4 
142 
48 
96 

290 

198 
1725 
7.3 

14 
125 
48 
88 
276 

-15 
-5% 

LC 
25% 

HF.LC 
low 
2223 
300 

0 
1923 
9.0 

9 
173 
48 
96 

327 

252 
1671 
8.8 

12 
147 
48 
94 
301 

-25 
-8% 

LC 
50% 

LF.HC 
high 
2223 
300 

0 
1923 
7.3 

4 
140 
48 
96 

288 

395 
1528 
6.9 

25 
106 
48 
80 

259 

-29 
-70% 

LC 
50% 

HF.LC 
low 
2223 
300 

0 
1923 
8.7 

9 
168 
48 
96 

322 

505 
1418 
8.2 

15 
117 
48 
91 
271 

•51 
-76% 

LC 
75% 

LF.HC 
high 
2223 
300 

0 
1923 
7.2 

4 
138 
48 
96 

286 

528 
1395 
6.6 

30 
92 
48 
75 
245 

-41 
-74% 

LC 
75% 

HF.LC 
low 
2223 
300 

0 
1923 
8.5 

9 
163 
48 
96 

317 

757 
1166 
7.5 

18 
88 
48 
89 
244 

-73 
-23% 

LC 
100% 

LF.HC 
high 
2223 
300 

0 
1923 
7.0 

4 
136 
48 
96 

284 

659 
1264 
6.4 

35 
81 
48 
70 

234 

-50 
-75% 

LC 
100% 

HF.LC 
low 
2223 
300 

0 
1923 
82 

9 
158 
48 
96 

312 

1009 
914 
6.8 

21 
62 
48 
86 

219 

-93 
-30% 

(1) Supply-side calculations from Part 3A. Costs in 1989 DM. 1 DM = 0.5 ECU = 0.5 US$ (purchasing power parity). 
(2) Low-carbon supply sources include gas-fired cogeneration, existing hydro, and new renewables. 
(3) Conventional supply sources include coal, oil, and gas central stations and nuclear reactors. 
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Figure A.10.3.5a: Electricity bill impacts from displaced 
generation and cheaper generation, Year 2020 EC-5, LEAST 

COST w. Low/Low and High/High sensitivity cases 
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Figure A. 10.3.5b: Electricity bill impacts from displaced 
generation and cheaper generation, Year 2020 EC-5, LEAST 

COST w. LF/HC and HF/LC sensitivity cases 
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Results: Reductions in power sector carbon emissions 

Tables A. 10.3.43a and 43b show the change in carbon emissions from introducing 
demand-side efficiency resources. The carbon emissions associated with the reference 
level of electricity demand (1923 TWh in 2020) vary greatly. Relative to 1985, emissions 
rise by anywhere from 23 percent to 77 percent, depending on which combination of 
technology costs and fuel prices is being assumed. 

When demand-side efficiency improvements get to compete with more supplies, reductions 
in carbon emissions arise both from avoided generation and from shifts in the mix of 
generating sources. With 100 percent implementation of the efficiency potential, year 2020 
emissions are reduced by 44-67 percent relative to the cases based on the business-as-usual 
level of electricity demand ('Least Cost no DSE' scenario). The upper end of this range 
(i.e., 67 percent reduction) is significantly larger in percentage terms than the net DSE 
resource, which is 53 percent of the business-as-usual demand level (see Table A. 10.3.40 
above). The 14 percentage point difference reflects indirect carbon savings from shifts in 
the resource mix as electricity demand is lowered. 

In combination, these effects reduce emissions to 41-46 percent of 1985 levels with low 
cost assumptions for DSE resources, and to 83-90 percent with high cost assumptions. 
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Table A.103.43a: 2020 carbon emissions in the EC-5 power 

Energy services 

Supply-side cost assumptions 
Demand-side cost assumptions 

2020 demand, static frozen eff., TWh 
Reference efficiency gains 

Least-cost supply mix w.o. DSE 

Low-C supply-side resources, TWh 
Conv. supply resources, TWh 

Average C burden, g/kWh.e 
Total C emissions, million T C 

Index rel to 1985 

Least-cost supply mix with DSE 

Low-C supply-side resources, TWh 
Conv. supply resources, TWh 

Average C burden, g/kWh.e 
Total C emissions, million T C 

Index rel to 1985 

Carbon Impact of DSE resources 
million T C 

Percent change 

LC 
25% 

LF.LC 
low 
2223 
300 

310 
1729 

161 
309 
1.71 

295 
1476 

151 
252 
1.40 

-57 
-78% 

LC 
25% 

HF.HC 
high 
2223 
300 

235 
1804 

166 
319 
1.77 

235 
1571 

161 
275 
1.52 

-44 
-14% 

LC 
50% 

LF.LC 
low 
2223 
300 

536 
1503 

145 
279 
7.55 

506 
997 

117 
166 
0.92 

-113 
-41% 

sector: 

LC 
50% 

HF.HC 
high 
2223 
300 

406 
1633 

156 
300 
1.67 

406 
1170 

145 
216 
1.19 

-85 
-28% 

Least-cost L/L and H/H 

LC 
75% 

LF.LC 
low 
2223 
300 

762 
1277 

130 
250 
1.39 

637 
599 

100 
117 
0.65 

-133 
-53% 

LC 
75% 

HF.HC 
high 
2223 
300 

577 
1461 

146 
282 
7.56 

511 
833 

130 
165 
0.92 

-116 
•41% 

LC 
100% 

LF.LC 
low 

2223 
300 

945 
1094 

115 
222 
7.23 

490 
479 

81 
74 
0.41 

-148 
-67% 

LC 
100% 

HF.HC 
high 
2223 
300 

743 
1296 

137 
264 
1.46 

327 
846 

134 
149 
0.83 

-115 
-44% 

(1) Supply-side calculations from Part 3 A. 
(2) Low-carbon supply sources include gas-fired cogeneration, existing hydro, and new renewables. 
(3) Conventional supply sources include coal, oil, and gas central stations and nuclear reactors. 
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Table A.103.43b: 2020 carbon emissions in the EC-5 power 

Energy services 

Supply-side cost assumptions 
Demand-side cost assumptions 

2020 demand, static frozen eff„ TWh 
Reference efficiency gains 

Least-cost supply mix w.o. DSE 

Low-C supply-side resources, TWh 
Conv. supply resources, TWh 

Average C burden, g/kWh.e 
Total C emissions, million T C 

Index rel to 1985 

Least-cost supply mix with DSE 

Low-C supply-side resources, TWh 
Conv. supply resources, TWh 

Average C burden, g/kWh.e 
Total C emissions, million T C 

Index rel to 1985 

Carbon impact of DSE resources 
million TC 

Percent change 

LC 
25% 

LF.HC 
high 
2223 
300 

213 
1824 

173 
333 
1.84 

197 
1632 

167 
288 
1.60 

A5 
-13% 

LC 
25% 

HF.LC 
low 
2223 
300 

288 
1751 

159 
306 
1.70 

288 
1483 

155 
259 
1.44 

-47 
-75% 

LC 
50% 

LF.HC 
high 
2223 
300 

379 
1659 

166 
318 
1.76 

350 
1269 

150 
229 
1.27 

•89 
-28% 

sector: 

LC 
50% 

HF.LC 
low 
2223 
300 

512 
1527 

143 
275 
7.52 

511 
992 

129 
183 
1.01 

-92 
-33% 

Least-cost LF/HC and HF/LC 

LC 
75% 

LF.HC 
high 
2223 
300 

490 
1548 

159 
306 
7.69 

503 
976 

133 
185 
7.03 

-120 
•39% 

LC 
75% 

HF.LC 
low 
2223 
300 

737 
1301 

127 
244 
7.35 

461 
775 

113 
132 
0.73 

-112 
-46% 

LC 
100% 

LF.HC 
high 
2223 
300 

583 
1455 

152 
292 
1.62 

569 
772 

128 
162 
0.90 

-130 
-45% 

LC 
100% 

HF.LC 
low 
2223 
300 

959 
1079 

111 
213 
1.18 

390 
579 

92 
84 
0.46 

-129 
-67% 

(1) Supply-side calculations from Part 3A. 
(2) Low-carbon supply sources include gas-fired cogeneration, existing hydro, and new renewables. 
(3) Conventional supply sources include coal, oil, and gas central stations and nuclear reactors. 
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Summary: Resource mix, carbon emissions, and economic benefits 

Figures A. 10.3.6a (Low/Low and High/High cases) and 6b (LF, HC and HF/LC cases) 
summarize our cost and emission results. The dramatic impact of demand-side efficiency 
improvements is immediately evident from these graphs: A mere 25 percent mobilization of 
the DSE resources (combined with a 25 percent mobilization of unconventional low carbon 
generating sources, such as gas-fired cogeneration and wind and other renewables) is 
sufficient to reduce carbon emissions to about the level that was previously achieved with 
only a 100 percent mobilization of these unconventional low carbon supply options. 

Figures A. 10.3.6a and 6b not only show changes relative to the four least-cost supply 
mixes; they also include the reference supply mix from scenario SI of the "Energy for the 
Next Century" study of the Directorate General for Energy (DGXVII) of the European 
Commission (CEC 1990). It consists predominantly of coal-fired and nuclear generation. 
The average cost of electricity generation for this DGXVII resource mix is developed in 
Part 3A, using the high and low fuel price scenarios and the high and low costs for 
generating technologies from Parts 3C (fossil central station and cogeneration plants), 3D 
(renewables), and 3E (nuclear reactors). 

As shown in the graph, the DGXVII mix differs markedly from a least-cost mix. This is 
due primarily to the emphasis on nuclear power, which results from reliance on official 
nuclear cost assumptions rather than a full-cost accounting based on field experience (see 
Parts 3A and 3E). Of course, that same emphasis on nuclear power also limits year 2020 
carbon emissions in the DGXVII scenario. They rise only 20-22 percent relative to 1985 
while electricity demand rises by about 80 percent. 

For the business-as-usual level of year 2020 electricity demand, our analysis in Part 3A of 
the IPSEP study shows that a least-cost supply mix excludes nuclear power under full-cost 
accounting. Indeed, a comparably modest (18-23 percent) 1985-2020 rise in power sector 
carbon emissions is obtained without reliance on nuclear power in the Low/Low and HF, 
LC sensitivity cases when cost-effective renewables and cogeneration resource potentials 
are fully mobilized. 

As further discussed in Part 3A, the introduction of the DSE resource potential has the 
effect of diminishing or entirely eliminating any economic role nuclear power might have 
had under favorable official cost assumptions, while also curtailing fossil generation. 

This effect again illustrates the decisiveness of least-cost policies, which favor the large 
resource potential of demand-side efficiency improvements. Once more than 25-50 percent 
of the DSE resource is mobilized, carbon emissions drop below those of the DGXVII 
reference case, despite the displacement of nuclear power. With further increases in the 
DSE contribution, fossil generation is pushed back more, thus increasing the statistical 
weight of existing hydro generation. 
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Figure A.10.3.6a: The Cost of Carbon Reductions in the EC-5 
Electricity Sector (LC Low and High with and without DSE) 
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Figure A.10.3.6b: The Cost of Carbon Reductions in the EC 
5 Electricity Sector (LC sensitivities with and without DSE) 
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7. POLICY AND PROGRAM OPTIONS FOR IMPLEMENTATION 

Principally, a wide range of proven policy tools exist for implementing the cost-effective 
demand-side efficiency resource potential. Below, we briefly discuss several instruments 
that are of primary importance. These are: 

— Energy efficiency standards for manufacturers and builders; 

— Power sector regulatory reforms that establish the financing of 
efficiency incentive programs through electricity rates. 

— Financial incentive and other demand-side management programs by 
utilities and energy service companies to implement currently 
commercial technology options; 

— Utility or government procurement programs for new, yet-to-be 
commercialized energy efficiency technologies ('golden carrot' 
programs); 

— Energy efficiency extension services sponsored by suite or national 
governments and government or utility support for private energy 
service companies; 

— Power sector rate making reforms including surcharges for 
incorporating externalities; 

— Environmental regulations to ensure the timely phase-out of existing 
power plants and their replacement or complete repowering in 
compliance with more stringent emission control requirements. 

Standards 

The strength of standards is as a tool for effectively penetrating the entire market. 
Standards also tend to have lower administration costs than other implementation 
approaches, and avoid increases in electricity rates that may accompany aggressive utility 
incentives programs. On account of these factors, efficiency standards must be considered 
the backbone of any serious efficiency-oriented policy. 

Component versus building performance standards 

In certain industrial sector and building sector applications, the formulation of standards 
can be technically complex, and verification correspondingly more expensive and 
demanding, notably for industrial end-uses, but also for certain types of large commercial 
sector buildings. Standards also may be less suited for assuring the application of 
upstream and downstream efficiency technologies in optimized packages. Performance-
based building standards go part of the way to solving this problem. Standards can also 
effectively regulate subcomponents, such as what lamps and ballasts are used in lighting 
systems. Such component standards are an important element in updating overall 
performance standards. However, financial incentives are often needed to assure a more 
complete application of available technologies. 
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Use of standards for market pull 

Standards may also have certain limitations in promoting advanced technologies, since they 
principally aim at establishing an efficiency floor by eliminating the least efficient 
equipment and building practices from the market. In traditional usage, standards become a 
viable option only after a new technology has been widely established and has achieved 
considerable market share. 

However, once an overall framework with a longer-term orientation has been established, 
standards can also be used for market pull, as illustrated by the 1993 refrigerator efficiency 
standards in the U.S (US DOE 1988, 1989). In 1990, when these standards were 
promulgated, less than 1 percent of U.S. refrigerators on the market conformed with the 
1993 standards. Nevertheless, manufacturers successfully completed the transition to 
higher efficiency. They had been led to anticipate the update because of the manner in 
which the appliance efficiency standards legislation was written. Specifically, US law 
mandates adjustments every 3 to 5 years, based on state-of-the-art technology and clear 
cost-effectiveness tests. 

Utility sector regulatory reform 

Within the conventional, vertically integrated structure of the power industry, where 
utilities operate as monopolies in franchised service territories under the obligation to serve, 
least cost utility planning (LCP) or integrated resource planning (IRP) reforms have proven 
effective for promoting cost-effective electrical efficiency improvements. These reforms 
ensure that supply investments and demand-side investments on the customer side of the 
meter are given equal consideration and compete on a level economic playing field with 
power plants and other supply investments (Krause and Eto 1988). 

Such integrated resource planning reforms have proven a powerful tool for stimulating 
utility demand-side management programs when conventional cost-of-service regulation 
has been modified to allow privately owned utilities to earn regulated profits on their 
efficiency programs, i.e., where program costs and profits are recoverable through utility 
rates. In the U.S., where this practice has advanced the most, utilities routinely spend 
several percent of total sales revenues on demand-side management programs. The leading 
utilities are succeeding in eliminating most or all of the per capita growth in electricity 
demand that is projected under business-as-usual policies (Krause 1994). 

Deregulation and retail competition 

Under a deregulated industry structure along the wholesale power pool model, and more so 
when competition is extended to the retail markets, the opportunity for financing utilities 
through IRP-based cost-of-service regulation is largely lost. However, the societal benefit 
of demand-side efficiency improvements remains, and so does the need for financial 
incentive programs and for involvement of the local distribution companies in these 
programs. In principle, the financing of energy efficiency programs through the local 
distribution company and/or retail power companies can also be realized under this industry 
structure. What is required is a non-bypassable kWh surcharge on all retail sales. Such 
reforms are currently under discussion in a number of U.S. and European jurisdictions. 
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Voluntary, incentives-based energy efficiency programs 

Utility incentives programs 

While legally mandated, scheduled periodic updates of standards can provide some market 
pull, incentive-based market-pull policies can be more effective, especially in those cases 
where new efficiency technologies are commercial but lack market share. A well-tested 
approach is that of U.S.-type utility incentives programs, in which customers receive 
rebates for purchasing efficient equipment, or even hands-off installation of efficiency 
improvements. The financing of the investment, the acquisition of information on cost-
effective technologies, and the provision of performance guarantees for new technologies 
handled largely or entirely by the utility. With growing experience, utilities also have 
begun to effectively use trade allies such as wholesalers, retailers, manufacturers, and 
architects, specifiers, and installers to bring about market transformations that outlast the 
provision of rebate incentives. 1993 spending by U.S. utilities on these programs 
amounted to 3 billion U.S.$ (US DOE 1995). In Europe, a number of similar programs 
have been initiated with good success, as illustrated by experience with recent lighting 
efficiency rebate programs (Mills 1993) and other programs (Vine 1995). 

Golden carrots programs 

A variant and evolutionary step beyond rebate programs aimed at customers are so-called 
"golden carrot" programs. They were first developed as part of government procurement 
efforts by the Swedish NUTEK agency. The model was adopted and developed further by 
two dozen leading U.S. utilities, who formed a Consortium for Energy Efficiency (CEE) in 
which government agencies, manufacturers, and efficiency technology groups also 
participate. Currently, 13 different end-use technologies are being reviewed for 
sponsorship by CEE. 

In these programs, which are aimed at manufacturers rather than just utility customers, the 
utility consortium or government agency holds a competitive procurement for not-yet-
commercial equipment that realizes specified efficiency targets. The winning manufacturers 
are awarded a guaranteed initial sale, and are paid a premium for each unit sold. The total 
premium the manufacturers can earn is designed to offset part or all of the estimated initial 
retooling and product development costs. In this manner, the disincentive for product 
innovation that results in established industries is removed. 

The full power of this instrument becomes evident only when paired with efficiency 
standards. For example, the U.S. golden carrots program for more efficient refrigerators, 
which began in 1992, set a goal to bring into commercial production a new version of this 
appliance that would eliminate CFCs and reduce electricity consumption by 25 percent 
relative to the already stringent 1993 federal efficiency standards, which were barely being 
met by equipment on the market. By 1994, the winner of the procurement competition 
began production of such a refrigerator, which involved the introduction for the first time 
of vacuum panel technology into residential refrigeration appliances (see Section E above). 

Because the golden carrots program demonstrated and introduced this technology jump into 
commercial production, it is now being proposed to become the new federal standard when 
that standard is next updated in 1998. Thus, the combination of efficiency standards and 
market pull programs is making it possible to achieve a major technology shift and market 
transformation within a time frame of only six years. 
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Energy efficiency extension services 

The delivery of energy efficiency services to electricity customers can also be undertaken 
by government agencies directly, as already noted in the case of the NUTEK golden carrots 
program in Sweden. Notably in the industrial sector, where component retrofitting of 
existing plant is of great importance, specialized extension services could be effective to 
ensure the penetration of state-of-the-art efficiency technologies in a flexible, case-by-case 
manner. 

A number of government-funded institutions for delivering efficiency services to the 
individual industrial firm or building owner have been established in Europe and elsewhere 
in response to the oil price shocks.43 

To date, many of these institutions have focused on the use of oil and on thermal rather 
than electrical end-use applications, or on cogeneration investments on the supply side 
rather than demand-side efficiency improvements. However, the institutional mechanism 
has proven effective in inducing industry to undertake cost-effective investments that would 
not have occurred otherwise. 

Energy service companies 

Utility programs and government extension services have helped the spawning of a private 
energy service industry that can complement government and utility activities, either by 
providing specialized services in implementing these programs for governments or utilities, 
or by competing with utilities and establishing important benchmarks for regulatory 
oversight. 

The emergence of a shared savings industry has led some to believe that private energy 
service companies could entirely substitute for government or utility-sponsored activities. 
This notion overlooks that these companies have some inherent handicaps regarding 
credibility, access to information about utility customers, and business risks that may result 
in higher transaction costs when energy efficiency investments are brokered solely through 
them. As a result, the shared-savings industry will likely remain most effective when 
complementing government or utility efficiency programs. 

Electricity price corrections 

Tariff reforms and externality surcharges applied to the price of electricity rely on price 
rather than on the deliberate removal of information, financing, and innovation barriers in 
the market. They are important auxiliary tools, though they cannot be the mainstay of 
efficiency-promoting policies (see Part 1 of the IPSEP study, Chapter 4). So long as high 
transaction costs and other market barriers persist, consumers will exhibit the same price-
inelastic use of electricity observed today, even at higher levels of electricity prices. Also, 
consumers tend to become active more when they expect prices to rise continuously than 
when prices change only once and then are steady, even if at an elevated level. 

4 3 Examples are the French Agence Francaise pour la Metrise de lEnergie (AFME), now ADEME; the 
Energie-Agenturen der Lander in Germany, and the various state energy agencies in the U.S.. 
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These limitations aside, better price signals are desirable. One pricing reform that applies 
under conventional cost-of-service regulation and has long been advocated in many 
European countries is the linearization of tariffs, and marginal rather than average cost 
pricing. Many utilities still offer declining tariffs as customers buy larger blocks of power, 
leading in effect to a cross-subsidization of the electrical industry's sales interests in the 
industrial energy market at the expense of small residential and commercial customers. 

More importantly, current tariffs do not reflect even those components of the environmental 
impacts from electricity generation and distribution that can be monetized (see Part 3C). An 
environmental surcharge or energy tax could bring electricity tariffs better in line with actual 
societal costs. 

Because of the high price inelasticity of electricity use, such externality surcharges would 
be most effective when applied to the electricity producer, i.e., to the utility fuel or to each 
type of powerplant. Emission caps and tradeable emission permits are an alternative 
instrument. Such externality surcharges or trading systems will increase the cost-
effectiveness of DSE resources. Under effective IRP or equivalent regulatory regimes that 
integrate supply-side and demand-side resources, this price correction will then also lead to 
larger demand-side incentives programs.44 

Strengthened environmental regulation of existing plants 

In the absence of environmental regulations or pricing reforms to limit the service life of 
existing fossil and nuclear power plants, demand-side efficiency investments can delay the 
upgrading of generating parks that fail to conform to state-of-the art emission and safety 
standards. This is especially true when large excess capacities exist. Such excess capacity 
also depresses short-term marginal costs and creates disincentives for demand-side 
investments. 

To prevent this effect, the operating licenses for all existing plants could be limited to 30 or 
40 years. Extensions of operating licenses could then be coupled with stringent regulations 
that limit the ability of utilities to repower or refurbish existing plants that are 
technologically outmoded from an environmental or safety point of view. Instead of 
regulations, governments could use environmental externality surcharges and apply them to 
existing plants. Available estimates for justifiable externality surcharges are sufficiently 
high to force the retirement of large portions of currently existing power plant capacities if 
applied in Europe or the U.S. (Krause et al. 1992). 

Unless such surcharges are phased in, they could cause price shocks. To stretch out the 
transition to full environmental costing, tradeable emission permits with decaying lifetimes 
could be applied to cover existing and new plants. In either case, the early displacement of 
environmentally damaging plants that appear cheap but are expensive to society would 
foster greater energy efficiency investments. Conversely, these investments would result 
in earlier and larger environmental and economic benefits for society. 

4 4 For a detailed comparison of the cost-efficiency and effectiveness of surcharges and emission caps, see 
Krause et al. (1992), who studied these issues on the basis of a detailed case study of the New England 
power pool. 
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8. CONCLUSIONS 

The analysis in this report has identified a major economic prize that is available to the five 
Western European countries studied here. Over the next 30-40 years or so, the EC-5 
region could cut its annual electricity bill by progressively larger percentages below 
business-as-usual projections. With aggressive policy reforms that promote effective 
competition between investments in more supplies and investments in more efficient 
electricity use, year 2020 electricity costs could be cut by as much as 14-37 percent, or 23-
51 billion ECU per year. 

These economic savings would be accompanied by equally impressive environmental 
benefits. If policies succeed in fully implementing the demand-side efficiency resource in 
the EC-5 power sector, all growth in electricity demand will be eliminated and demand will 
actually decline somewhat below 1985 levels. As a result of this decline, and due to 
secondary effects on the least-cost mix of generating sources, carbon emissions in the EC-5 
power sector would be cut by 10-59 percent below 1985 levels. When supply-side policies 
are chosen to minimize carbon emissions, cuts of more than 85 percent relative to 1985 
levels become feasible, as discussed in Part 3A of the IPSEP study. 

Taken together, the findings of this report on potential savings in costs and emissions 
establish a solid analytic foundation for policy reforms. Our report identifies a 
comprehensive range of options for enhancing climate protection while producing large 
economic benefits for electricity consumers and society. 
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