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INTRODUCTION

The purpose of 'his review is 10 invcsli~a'e the evolution of energy deluand in
the United S'a'c~ since the early 19105 with the ~oal of ,nensuring the inlpacts
or inlproved energy efficiency. We exnlnine the changes in final energy
demand Ihat were induced by changes in encrgy intensities, which arc related
to efficiency hnprovelnents: by changes in the 8(!gregate aClivity levels in
each major end-use sector: and by chan@es in the slruclurc of activity within
each sector. Where pns5ible. we excunine the ('han@cs in energy-efficiency
trends caused by Ihe drop in world oil prices in c;,rly 1986. finally .. we offer a
view on prospects for enhunccll energy crncicncy over .he long-tern) future.

MethcJllology
Sludies or cOl'nparalivc energy efficicncy onen Innke usc of aggregale in
dicator~ such ns the rnlio of prhnary energy usc 10 Gross National Product

'The US Gov('rnnlen.1t:J~ the ti~ht 8n rctain a "nncxdu~iv('. roy:dly.hcc liccn~(' in and In any
('npy,i~hl l'uvcrin@ thb f'nrct,
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(JNP). But the u~c of cncfl!y/C;NI' ralios a~ efficiency indicator~ is suspect on
hUlh thcoretic,,1 and clnpirical I!rnunds. l'he energy/tiNI' ratio is dctcnnincd
nnl €lnly. hy (h;lnl!c~ in the cll~l"icncy nf energy utililaliol1. but also by
changes in the growth of cncrgY-iesing activities rclntive to GNI'. As II recent
study of the Norwcgiun econoluyshows ( I) the erfects or structural change on

t cncrgy-outpui ralios UlclY be substunlial.
In .his study ,,'C follo\v a hliulaillenially dirferent approach. We exan1ine

~hc evolution of energy use in each Inajor end-use sector anti relate the
changcs thai occurred 10 the crfec'~ of three causal factors: (I') changes in the
nggrcgalc Icvel of energy-using ftctivilies in each sector; (b) changes in the
structure or cOlnposition of activities; and «.) changes in energy intensities, or
energy u~c per unit of activity or output 01" these dll"ce factors, only energy
inlcn~hy (actually its invcr~c) is conceptually related to energy efficiency.
()ur work builds on and extends shnilnr annlyscs perfonncd by the racific
Northwest Lnboratory (I'NL) (2) and the US Depnrtillent or Energy (DOE)

Our approach is one of fnctoriz8tiod. For each sector we measure changes
in nclivily 9 structure, and intensily and calculate the change in energy use that
would have occurred in re~ponsc 10 each factor if thc other two had remained
constant al base-year (191..1» values. We then cOlnpare thc overall activily
change in each scctor with the change in ONf'. Whcre fucl switching is
hnportanl we c~thnn'c Ihe encrgy use Ihut would have occuned in 1981 if fuel
choice shures 01" 197..1 had "cnutined conslanl. Where possible, we dis
nggregate energy use by fuel type In circlunvcnt the difficulties involved in
Ihc 5clcctiull or an ag[!rcgnlc energy index (4).

We then seck to tlleasurc the ilnpact of hnproved energy efficiency on lotal
energy use by conlparing energy intensities in 191J and 1981, noting the
differences. separating oul the effects of fuel substitution where possible, and
then nlulliplying each difference by the corresponding level or arrected
activity in 1981. For cxnnlple. aUlolnobiles and light .nlcks in the Unitcd
Stutes re(luired approxhnalcly 6.35 MJ/vchicle-knl in 1973, but only 4,3
MJ/vehiclc-kau in ·'981. Since these vehicles were driven 2.7 trillion vehicle
kin in i981, efficiency ilnprovcll1ents "saved·' 5.5 EJ of fuel, or ahout two
nnd one-h;Ilf sniilion barrels pcr tluy of oil e(Juivalenl. ·rhcse "savings" show
how nnuch Innrc encrgy would have heen used h:u.J intcn~ity nol fallen. While
energy intensitics nrc nnt ~Iricl indicnlors or energy efficiency because they
nrc dctcnnincd in IlfU'C by behavioral nnd structurnl roetors-the energy intcn
~ily of sleel luanufacCure Inay. for cXtnnll'e. decline either hecause of hn
proved procc~~ technologics or because of increa~es in the utilization of scrnp
Inclal-cner!!y intensities arc oh!'crvnblc while tethnical efficiency generally
is not.

We sununarize our findings hy nnling Ilow Inajor activities grew or con
tracted within each seclor• and whether Il1CilSUrC5 of ovcrall sectoral activity
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Sununary Filli/jngs

OUf principal findings Hrc (see l'able I):
!. Aggregate energy inlcnsities in ahe residential, scrvil:cs, Inanufacturing,

freighl. and passenger lransportation sectors, adjusted for changes in ahe level
and struclurc uf SCl:lunll aClivity, fcll by a weighl~J averagc uf 24o/v belwecn
1973 and 19H7. Adjusaed priauary cnergy inlensitics feU by a weighted
average of 21 (~. Since thc lJS cnergy/CJNP ralio feU by 31 J~(XJ for delivered

grew "lOre or ~css rapidly ahan GNP. Sianilarly. we can index ihc changes in
huensaly we observe au see which were nlpit.~ and which were slow J wi«h an
eye 40 ~he changes in ihe energy/GNP ratio. FrolH ihis analysIs we can
the Inost iluporlan~ causes of l:hange in US energy use since and hence
likely sources of change-upward or downward-in the future.

In shis approach we do no~ to assign behavioral causes 10 energy
savings. 'rhus while we refer ~o changes in prices and incornes ahut doubtless
had fundalnenial ianpacas on lhe evo~ulion of structure, energy intensity, and
fuel choice, we leave a fonnai &reailuent of ahe ifnpact of these factors for
anolher ShAdy. llui \ve tjo identify lhe physical conlponenis of energy saving,
such as greater ~oad fac~ors in air ~ravel. or a shin to sHghtly slnall~r

aUlonlobHcs. And where possible we auelupt 10 dislinguish belween change
thai is reversible and change ahat is essentially ~)ennanen€.

We focus on five energy use sectors-passenger transport, freight transport,
households, ahe service sector, and Inanuf,u:turing-lhal iogcshcr account for
approxilnalcly 800/0 of end-use energy as rueasured by lhe Deparlmeni of
Energy (Figure i) (5). Our cilne franle is i973 hl B987, although we have
studied manufacturing energy use back 10 1958, residenlial energy use as far
back as 1960, and lransportaaion energy deBnand back in 1970. 'fhe approach
requires a reasonably accunUc disaggregation of Ihe residential and service
sectors. We disaggregale luanufacturing energy use from ahat of olher in
dustry, including the Inining, agricuhure, ilnd construclion sectors, about
which liule is known in spiae of ahe fact thallhey used SOine 5.3 EJ of energy
in 1985. Unfortunately, lhe last year for which ahe ananufacturing secior data
are disaggregaled is 1985. We use a bouoln-up disaggregalion of energy use
and aClivily for passenger afuvel, onliuing travel by school bus. SUi we do
eslinlale the ilnporlanl llnpacl of light arucks on total pnssenger' traveL For
freighl, we have csliJnaled the haulage by light trucks bu. ignored nalural gas
use in pipelines (aboul 0.7 EJ in (987) because there is no Uleasurc of nalural
gas luove.nenls. In aU we cstilnale thai the nlany uncerlainties in energy
denlund and aClivily levels are slnaller ahan thc Ulost ilnpOr&,Uli l:hangcs ahal
have occurred since 1973. Ilence we believe our conclusions arc robust
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energy and 26.3% for primary energy over this period, this analysis sugges
that about three-quarters of the decline in Ihe energy/GNP ratio was induct
by reduced energy inaensiay, while ahe renlainder was caused by struclur
change and interfuel substitution.

2. Actual energy use for the five sectors surveyed in detail was 51.4 EJ
1987 J or 70.7 EJ including electricity generation and transmission losse
Taking into account changes in the level and structure of energy-usil
activities, the efficiency ilnprovements described above translate into savin
of 16.5 EJ of delivered energy or 19.1 EJ of primary energy ..

3. The largest reductions in energy intensities occurred for automobile al
air Iravel. hOlue heating, and fuel use in the manufacturing and servi
sectors. "'he energy intensity of truck freight. in contrast, actually increase
A decline in load factors and a rise in ahe importance of light trucks t
personal transportation logelher !inliled the decline in the systeln intensify
private vehicles to only 150/0.

4'~ l'hc decline in fuel intensity for "lost fuel-using processes, together wi
the increase in the auunber of eleclricity-using processes, caused the share
deliverctl energy us cleclriclly io increase fronl 11.20/0 to more ahan 16'
I)ireca substitution of eleclricily for fuel in space and water healing or cooki
had qnly a IHinor effect un lhis overall shift.

5. Changes in aggregate sectoral activity levels boosted delivered a
prilnary energy use by 350/0. nut the activity levels of the freight, passen!

o no' diac:usal1lld in 'hia 'Iudlf

Figure J Delivered energy use by end-use secfor. The residual calegory accounts for I

difference between IOlal ddivered energy and ahe end-uses covered in tbis analysis.

Consillere(iSeClors, TillIe Frtune, ant!
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Tahie I Imrad§ of changing ac~ivity levds, sedora1 sinlclute, and structure-adjusted energy intensity
on seeloral energy use, i 97J - m9R7

II Weights are shares of 8973 energy u!';e
"Real GNP increased b)' 40% over 'he period
(' Indudes ,he imr3c1 or changes in load raclon
ttrbe energylGNr ratio fell by 32% in lerms or delivered enerl!Y and 26% in lenn!\ of primary energy

Definition/description of bctors Ddivered energy Prinmry energy

hnpact on sectoral energy use
between 1973 and B981

TRANSPOI{TATION SEC1~OI{

transporhttiol1, and rcsidential sectors lagged behind the 400/0 growth in GNP
while the proportion of GNP genenlted in the Inanufacluring scctor relnained
reltllivcly constant. Only service sector output grcw Inore 'rapidly than GNP.

(l. Structural change reduced Inanufncturing energy use hut increased ener
gy use in the residential, freight, and passenger transportation sectors because
the Inix of activities bec31nc morc energy intcnsive. Overall, structural change
within sectors increased US energy delivered usc by only I% and increased
prhnary energy use by 5%.

7. rrhe recent slowdown in the inlprovenlent of US energy efficiency has
manifested itself in ahnost every sector, with the possible exception of
rnanufacturing. This slowdown represents a nlarkct plateau, not the con
frontation with thennodynarnic or technological Ihnils. Publie policies could
restore SOUle of the interest in raising the efficiency of energy use.

20ur dala follow Ross and the (lak Ridge Oata nook, with one inlportanl added assumption:
We cslinmte Ihatlight trucks provided 1% of rasscngcr travel in private vehicles in 1910. rising to
22% in 1981. We assunle that light trucks used as passenger vehicles are driven the sanle distance
but with 10% higher load factors as automobiles. Data fronl the two Nationwide Personal
Tran!otportatiull Surveys that covered light Inlcks (1977. 19ftJ) hear out Ihis approxin13tion. Our
esthnate of light tmck fuel economy, however, is taken from values for all light trucks. Note thai
Ross uses vehicle-kin as a nleasure or activity for autosllight tnlcks (anti for Inlck freight), and
gels sumcwhaf diffcrent results heC3tJse the vohlll1e of vehicle-Ion grew nl0re than that of
passenger nf tonne-knl in these nl0des.

In,ese figures represent 89% and 90% of sectoral energy use in the respective years.

Total Iransportation energy use consists of four cOlllllonents: energy use for
passenger transport, freight, nalurul gas pipelines, and a Iniscellaneous cate-.
gory that includes off-road eC)uiptllent, private boats, InUllary activities, and a
nlunber of other residual Heins (6, 1).2 This section focuses on the first two
components, which rose fronl 17.5 EJ in 1913 to 20.3 EJ in 19873 with
ternporary decreases observed following the oil shocks in 1973 and 1979
caused by declines in transportation activity.

Using data froln Oak Ridge Nationallahoratory (ORNL), we describe the
structure of each subsector by noting the contribution of each Inode, measured
by passenger-kin or freight tOlllle-knl, to total subsectoral activity. We obtain
fuel use data frown the sarne source. We Ineasure vehicle fuel utilization
intensity (VI) in MJ/ktn for cars and trucks and in MJ/air-km for aircraft.
Conlplcillenting these fuel utilization indicators are ,,,ot/al ('ne'-gy ;ntePls;t;es
(MI), tueasured in MJ/passenger-ktn and MJ/tonne-kln for passengers and
freight. respectively. Estimates of both VI and MI are available; we use VI to
describe technological changes that reduce the fuel use of individual nlodes
and MI to cOlnpare Inodes. Note that the changes in VI and MI are often quite
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differen! hecause of changes in utililU@iou. 'rhesc differences can ~ead ~o

differences in !hc n~casurclncni of energy saved by as nuu:h as 250/0.
Bn. Tonne-Km

6 -. ----------, . - .

~ Air

_ all PipeUr

.. Water

o Rail
_ TrUCk

19851982197919761973

4Approxilnaldy 20% of freight energy use was in ahe COrln of nalural gas used 10 n
C:Oluluc,ssors rOI' &lalural gas pipdillcs. Unfortunalely, no naeasure of lonn~·klu for gas shiplucn
is availi,bl~. SiUl'C nahual gas subslilUles for coal and oil, bUlh of which are counlcd in fn~ig

shipmenls, thc oluissiun of nalural gas is unfortunate. Sinlila.'ly ahe sluaU weighl of waler a.
coal-sharry shipp~~lI is alsu unavailable.

0'

1910

ownership of personal vehicles. The IOlal nunlber of automobiles and ligt
trucks opera.ed for personal use rose fronl less lhan 90 million in 1973 (0.4
per capita) to around 120 million in 1987 (0.60 per capita), or more than on
vehicle for every person wilh it driver's license. But while the nu.nber of cal
and personal light trucks hus grown steadily» the dislance travelled per car pc
year has been remarkably slable, even as fuel prices varied by more than
factor of lwo (6). This increased vehicle ownership, and theref9re greatt
driving per capita, nol increased driving per vehicle, pushed lotalland traVt
upwards over lirne. All the increased ground travel has been carried by thes
vehicles, resulting in a loss of share for bus and rail nlodes. Because loa
factors in cars and lightlrucks declined from slightly more than 2 in 1973 I
"fouud j.1 in 1987» lbe growlh in passenger-ian (I. So/Q/yr) in this mode di
not keep pace with lhal of vehicle-kIn, 3.0%/yr.

l'he lotal vohlnle of freight (excluding shipluents of natural gas4) nleasure
in lonne-km, grew al an annual rale of 1.8o/Q frolll 1973 to 1987. Like Iravel
freight grew less rapidly than GNP. 'The level of lonne-'knl by mode (exclul'
ing gas in pipelines) !luctuated over linle (Figure 3), l'he share of lruc~
increas.ed slightly J and within trucking. the share of lighter, short haul (ruc~

Figure J Freighl activity by anode.

2

3 -

4

5

_ Air

Mass II'ansi t

_ lUe Truck

Private Car

o

5

15

20

25

- 10

1982 19851976 1979

oj'

1000 Passenger-km/capita/year

: :1\lijflill~!lt'lrprlllll]111~!r~lrlrhlilillilllllrl~~!"IIII~!lrl!l
1970 1973

Fig",.,:, 1 P,,~~cnl!cr lrau~pura.iun I)C[ ("pila by ntudl:.

10

15

20

25

The Inial vohuuc uf passenger aravel hlci-eased 2.20/0 per year between
1973 and !tJH7, shghtly allUre Hlpidly ihan bu~ slower ~han GNP,
l)uring dais liaue Ihe share of air iranspurl increased fronl 6.5«7() ao ncarly 1)%
uf h)lallruvcL i.U Ihc expense of aUhlulobiics and iruck.s (Figure 2). l'he
share of bus and rail al:~ivily t which is luw by inicrnuaiona~ standards, feU
fronl 2.4c~1 of Iravel in 1'J7J 10 Oldy L9t~1 in i~H7. l'hus ahe shift [roan
aulolHobile io ..ir \V,lS abe Inajur siructural change occurring in ahis sector. ~f

only ahe ulix of anodes had changed bc~wcen 1973 and 1987, irave~-relaled

energy use would have increased by 5.30/(1.
'rile sinaU share of rail ilnu bus mnass transia deserves conunent In sorne

rnclropolilan ,areas luass Inlnsic carries as uluch as one-half of aU ~rips to
work, bUI privilic vehicles ounlinalc aU other @ravcL 'rile long-lcrm decline of
lhe share of transit \Vf.lS reversed ulolnenaarily aftcr ihc oil supply interruptions
of 197) and llJ79 t bUl has couainued unab,ued since i 9M2. l'he fuca «hat rnass
lransia did nol gain Inarkea share fur any length uf iirne while gasoline prices
were high suggests lhal high energy cosis illone were no~ sufncient 10 revive
Inass aransil.

Relaaed ao aile decline in thc usc of Inass arunsil has been &hc increase in

The
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increased as wen. ~f ,he ini;( of mnodes had changes between 1913 und
~987 9 freight-related energy dCln3nd (excluding natuni~ gas) would
increased by 3.60/0.

Although the ,nodal ndxes for both passenger and trunsporlation
shifted towards Inodes with higher uuodai energy in@cnsity, the vohunc of
activity for each grc\v less ~han GNP. On b;:dancc 9 these changes
reduced transportal ion energy use relative to GNP.

Intensity alltl Efficiency
Key energy-using vehicles hcc~une less energy-intensive during the 1970s and
~980s. The VI or aUlfHHobHes feU by 330/0 (04.3 MJ/vehiclc-I<lH or ~9.1 MIlC;
between 1913 and 1981. light anlck V~, which is higher than that of 3uio

wnobiles, feU less, by 190/0 to 5.9 MJ/vehicle-kin. lJut the share of light trucks
used as passenger vehicles increased to over 20% of the private passenger
vehicle stock. When figures for these two vehicle types are cOinbincd, the
result is only a 28% decline in the VI of private vehicles. ·fhe VI for air travel
decreased by 22.1% between 1973 and 1987, to 305 MJ/krn (7). Additionally,
energy use per seat-km feU by "lOre than 40% because (he nunlber of seats pcr
aircraft increased from III in 1910 to 161 in 1987. l"echnologicaUy, then, VI
feU significantly for rnajor "lodes.

Utilization patterns had different impacts on these modes. load factors for
automobiles and light tnlcks feU froru approxin13iely 2.0 occupants per
vehicle in 1913 10 1.1 in i 987 (8). S As a result, the MI of private vehicle
travel increased through 1979, and only feU 15% overall between 1913 and
1987. load factors for transit buses feU, increasing energy intensity, but load
factors for AMTRAK increased, causing the energy intensity of intercity rail
travel to fall. load factors for air travel increased significantly, fro") 540/0 of
available seats filled in 1973 1062% in 1987. l'his change, cotnbined with the
introduction of more efficient aircraft, caused the MI of air travel to fall by
almost 500/0 bctween 1973 and 1981. Overall, the MI of passenger travc~

declined by 18% fronl MJ/pass-knl in 1913 to 2.69 MJ/pass-knl in 1981.
The decline in individual intensities alone caused a 20% decline in this
inlcosily.

l'he fuel economy of autonl0biles hnproved significantly. As a review hy
Ross (6) shows, most of this improvenlent canle about through improvements
in the economy and performance of new cars of a given interior volu.ne;
"downsizing" of the neel had only a minor itnpact on fuel econorny. Further
more, Ross shows that engine power per engine size increased. In other
words t Ihe performance of new cars sold in the United States ilnproved, but

SAutomobile load fadors are estimated by ORNL from the Nationwide Personal Transporta
tion Surveys (1969. 1977. 1983). light trucks were included in 1911 and 1983. We have
assumed that load faclors and driving distances are approximately the !\ame fur both vehicle
types.

VI felL tiS Environlnentnl Proteclion Agency (EPA) tests indicate that the
sales-weightell fucl cconolny of new auto.nobiles incrcased to 28,5 Iniles per
gallon (Illpg) (8.3 lilers per iOO kin) in 1988. l'he cotnbined new car/light
truck average luoved fronl 15.3 tnpg in 1975 to 25.8 Inpg (9.2 Hters pcr 100

. kin) in 1988.
·1"\'10 factors prevented these dralualic hnprovclnents fr0t11 fully affecting

actual on-road fucl econolny. Ross gives the test Inpg of light trucks as 21 in
1988, down slightly r.·OIU 1987 t while that of autolnobiles rose to "lOre than
28. 'rhe increased itnp0l"tancc of light tnlcks with lower fuel econo,ny than
Ihal of ~,ulolnohiles has thus restrained the hnprovclnent in overall ne\v
personal vehiclc fuel cconolny. Second, the actual EPA tests do not represent
real fuel eCOn0I11Y, sonlething wen known for Inany years. This is because
driving in the city is not wen shnulated in the EPA tests. Moreover, the
distortion Inay have increased over recent years (9). The share of driving in
cities has increased (DOE calls this the 'Crural-urban shiff'), and the conges
tion in cities, which depresses fuel econonlY, has worsened. Thus test rnpg
may diverge as Inuch as 22% frorn real Inpg today as compared to the 15%
hias of the 1970s. ·rhis distortion applies to light trucks as well as cars.

The dranlatic hnprovement in air fuel econolny was documented by Gately
(10). New aircraft require significantly less energy per seat-Inile than do older
ones, both bccause of inlproved engines and aerodynatnic characteristics (Le.
technology) and because Inosl newer aircraft of a given type have more seals
(i.e. structure). For exatnple, a Boeing 761 yields more than 60 seat-miles per
gallon, while a 701 of the original, pre-1960 vintage, gives less than 40. The
nUlnber of seats on many older aircraft has bcen increased. In some cases, the
engines on existing planes were upgraded, often in response to noise reduc
tion regulations. As a result of these changes, seat-miles per gallon increased
for 3hnosl evcry type of aircraft, Iypically fr0l11 30 to 40 for narrow-bodied
planes (707s, 727s, and 737s) unci froln 40 to ahnost 60 for the wide-bodied
Inodels (7415" DelOs, and LIOlls).

Changes in operations practices had an impact on fuel cconotny, too. As
notcd above, the averugc load ractor incrcilsed (7). Stage length, or the
distance flown pcr night, increased by 230/0 frolu 742 kin in 1978 to 917 kill in
1988 (II). 'rhis change increased fuel econoluy, because planes spend a
greater part of their night actually cnlising as stage length increases. Average
speed should then increase, for the saine reason. Yet average speed, as
estilnatec.l by the US Fcdernl Aviation Adnlinistration (FAA), \vas about the
saine in 1978 as in 1988. That average speed dill not increase suggests that
congestion around airports slows aircraft, increasing fuel consulnption per trip
as planes circle or take other measures near cities. It appears therefore that
these t\VO operational factors offset each other.

l~he story for freight was different than that for passenger travel. Ship and



~MPAC1'S OF UvlPROVEI) EfFICiENCY 465

rail intensities each declined by about 300/0. Out truck freight intensit
ies increased s~igh.iy by 6o/()~ fronl 2.96 fvtJ/lonne-knl in 1973 '0 3.14
MJ/lonne-klu in 1987.b Ahered utilization pauenls appear to be Ghe reason for
ahe increase in hucnsaay, as wen as a gradual increase in the iluportance of
light trucks with low loads. OveraU, the change in intensity of aU rnodes alone
ahrough 1987 \VUUlli have decreased freight energy use by 4.50/0, bua Slructura!
changes lowilnJs greater truck offset ihis decrease by 3.60/0.

According to slalis~ics cited by ORNL (7). the VI of light arucks t iueasureu
in lvtJ/kol, feU by 19o/Q bctween 1973 and 19K? 'fhe Vi of other sing~e unit
lrucks fell by jilt} hel \vccn !~1) and 19M2 bUI has since incrcased over ihnc.
And ahe Viol' cuulhiuaaiun trailcr/irucks feU by ahout SO/o over the entire
period. When abe entire stock is weighted using Ihe l'ruck ~nventory and Use
Surveys of 1977 and 1982 (12). VI drops approx i.Halety 100/0. Because these
changes are so sluaU. changes in lhe luilizution and Inix of trucks affecled
freiglll MI anore Ihan changcs in ihe fuel econolny of individual classes of
arucks. The slnaU inlprovenlent in fue~ econoluy was luore than offsel by the
olher changes in utilization paucrns lhal increased lhe energy intensity of
freight haulage. in spite of the uncertainties, ihis finding suggesls research is
needed lO ilnprovc the overall energy pcrfonnance of trucking.

Conclusions: Energy Efficiency in Trans/JOrllllion

Belween i 973 and 1981, the conlponents of tfllosportalion energy demand
changed significantly, as Figures 4 and 5 show. Overall, transportation
energy use declined rehllive to GNP. 'file most inlportanl single conlponent in
this decline was ahe reduction in the energy inleosily of passenger traveL 'fhe
vehicle efficiency of the (hree rnajor transportation anodes has iluproved since
1973. Fleets of personal vehicles, aircraft t and irucks were 28 t 40, and 100/0
less energy intensive in 1987 than ahey were in 1973. rrhis change alone saved
nlore than 7 EJ/yr of energy by 1987. Lower load factors in personal vehicles
increased energy usc by 1.4 EJ, and lower loud factors and shifts 10 (DOre iocal
freighl traffic increased energy use for freight by anore lhan 0.6 liJ. Allhough
our figures arc nol strictly cUlubinablc in a linear way» 'he savings ilnphed by
these lhrce chHngcs arc consistent with the 4 EJ .hai PNL and I)()E cslilnalcd
were saved between 1972 and 19M6.

in 1989 the VI uf new personal vehicles and aircran was approxhnalcly

bUnfonunatdy there arc no cOlnplclc data Cor US freight haulage, only estinlales of inlcrcity
lonns:-knl aml energy use, Freight canictl by lighl Ifucls was cSlimalcli by assuluing lhey carry
tOO kg for Ihe vehide lIailes nul assigned Iu persuual lighl IflU.:ks. iUlraday heighl can-iet! by
heavy trucks was csaitnaletJ fnun the lIltlerence belween vehicle-anlles of heavy IrUl:!;.s in inlerdly
travt:l and in aU lravel, uaulliplieLl by 2.5 lUI 10 rCI){eSClll a load. Over it wads: range oj' assuluplions
for lhese valucs d.~rc SC~lns IlU (lUeSlion lhallhe lolal cn~rgy used by Ifucks increased faster than
Rhe 10lal volun.c of freight.
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&tl"'iviay. or struclure (nuKial anixi fullow iiS aCluaG palh wbile holdin@ the olher Iwo componen
l'unslanl at 1913 levels,

25% less than that of the existing vehicle slock. ensuring technologic.
decreases in fuel needs Ihal are irreversible for the next several years. a,
whereas ahe toad factors of aircraft increased in lhe 1910s and early 1980:
lowering MI even "lOre, utilization of both automobiles and trucks worsene(
in the latter case enough &0 cause an increase in MI. And preliminary du'
suggest that the autoluobiles and light trucks purchased in 1989 will be nlOl
fuel intensive than those purchused in 1988. The VI of other trucks stoppe
ueclining in 19M2. Moreover t prelinlinary operating data from &988 sugge
aha! fuel us.e per passenger-kin for conuuercial aviation in 1988 was no low.
than in 1987. And average speed was headed downward t suggesling mal
congestion ilt airpol1s. l~hus the rate of iauprovelnenl in actual fuel econonlY
luajor tfnnsportalion !luulcs is clearly slowing down. While aU three modc
show proanise for further iauproveauenls in technological efficiency, the~

iinprovenlcnts have been slowed by lower fuel prices' and other factors.

OU1'LOOK

Autonlobilc tnallsport is the single Inost ilnportant energy-using activity in II
US cconoluy. 'rhus changes in 'he fuel econolny of cars will be ilnportant
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Figure j Freight transportation delivered energy use. Evolulion of aduai and hypothetical
energy use for freight 'ran~pol1ation. Each "errecS" is computed by having only intensity,
activity, or structure (nnmal mix) follow its actual palh while holding the other Iwo components
constant II 1973 levels.

Figure 6 Personal vehicle fuel econonlY. Evolution of new-car and on-road neel mpg and prices
in the United' Stales. Prices are laken fronl MOII""}' E,u'rg.v Rf'\·;ew. The on-road vehicle fuel
cconorny figures are calculated in this study by sUlnlning values for cars and personallighl r"lcks.
The new vehicle figures include an ligh. trucks sold. Sources: ORNl, ACEEE, LBl-IES

the nalion's energy fUlure. Not surprisingly, there is concern over the recent
nauening of the fuel intensity of personal vehicles. Figure 6 shows key
features of this plateau. Indexed to real (or estimated) 1973 values are actual
neet and test new vehicle fuel intensity (including thai of light trucks) as
calculated by Ross (6), (he real gasoline price, the rea~ cost/kIn of using
gasoline, i.e. the price index tinles the fuel utilization index. The sudden
decline In price (and cost) in 1986 is clear, as is the slow drop of equal
magnitude between 1982 and 1986. Not surprisingly, the decline in fuel
intensity slowed after 1982 and olay have reversed in 1989. Indeed, the fuel
economy of cars imported into the United States peaked in 1983. Ilave auto
manufacturers exhausted ways of inlproving fuel econolny?

The literature is replete wilh reviews of the potential for further iBn
provements in fuel econolny (6, 13-17). These references an point to a large
number of prototype cars that use less than 50o/n as rnuch fuel per seat-kin as
today's average new car, and hence less than 330/0 of the present fuel per km.
In conversations with major autonlobile producers worldwide (including
BMW, Volkswagen, Volvo, Peugeot, and General Motors), however, we
found that the outlook for slable oil prices has all but erased fuel econonlY as a
major concern for auto nUlnufacturers. Shnitarly, the lull in gasoline prices
has pennitted, if not encouraged, Americans. Japanese, and Europeans to

luanufacture and buy more po\verful and often larger cars in recent years.
Thus thc plateau (and apparent reversal) in the weighted improvement in fuel
econolny are as nluch a result of consumer indiffcrence as of manufacturer
disinterest. As Ross (6) shows, total driving costs are retatively insensitive to

fucl costs. This was particularly tnle in 1988, when the real gasoline cost of
driving one kin in the United States and Inan)' European countries was the
lowest in dccades.

IJifiglio ct al (17) calalogue tcchnologies that would inlprove test new-car
fuel cconoany to nearly 40 nlpg with no loss in alllenity. Using a 7% real
discount nile and arnortizing the increased costs over 10 years, Carlsnlith et al
(18) found that ilnprOVCll1Cnts to 38.5 nlpg would be cost effective at a
gasoline price of $1.43/gallon in 2000. But these discount rates are not typical
for consluners' purchases of energy-using goods, as Rudernlann et al showed
for appliances (19). Greene (20) finds that both the Corporate Average Fuel
Econolny (CAFE) standards and to sOlne extent higher fuel prices caused the
decline in fucl intcnsity after 1975, stilnulating both consulners and producers
to focus on fuel ccononlY. nut with standards frozen today, there is no
pressure frorn this povvcrful stinullus. Moreover, with fuel prices and costs
as low as they were in '989, it would be difficult to believe that fuel inten-
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Figure 7 Manufacluring energy use by fuel type.

1"SIC" is an acnmYUl fur Ihe US SI;uuJ"rJ huluslrilll Classificalion sysleall.
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The US manufacturing sector. which consists of a range of industry group
involved in lhe transfornlalion of raw materials and internlediate goods iot.
finished products. used 14.3 EJ of energy for the provision of heat and powe
in 1985 (figure 7). While an additional 4.l EJ of energy products were uset
by the sector as feedstocks in the production of asphalt. organic chenlicals
nnd other goods. these products were excluded frorn our analysis on Ih
grounds .hat lhey should properly be counted as nlalerial rather than energ
inputs.

We gathered data on the energy use and econolnic activity of six energy
inaensi"ve rnanufacluring industry groups-paper and pulp (SIC1 26); in
dusirial chcanicals (SIC 28 excluding 283-285); Slone, clay. and glass (SH
32); iron and steel (SICs )3 I, 332. and 339); nonferrous metals (SIC
333-336); petroleurn refining (SIC 291 )-and a residual category ("other"
lhat encolupasses the range of non-energy-intensive manufacturing activities

UnforiUluateiy, the available slulislics on 'manufacturing energy use are ies
ihan adclluale in a nUluber of respects. Allhough the Census Bureau (21.22
published dala on nlunuf&lcharing energy use for the years 1954, 1958. 1962
1967, 1971, and 1974-19~ I. ahis series was discontinued in luore recent yea.
as lhe fcderal governnlcni cut back its efforts to gather and publish energ
dala. Moreover, ihc Census dalil account only for inputs of purchased fuel

MANUFACTURING SECTOR

10 -

i5

si~y would continue tn ticcline rapidly, although ~cl:hnological hnprovemen~s

could certainly pace Wllh ancreases in interior roon1 and power. The
high-Inpg protoiypcs Inay never be conuuerciaHzed, ahhough con~

ponents tested in ~hcsc luudels suny uppear soon ~n ordinary autoluobilcs.
Slundards of SOUle kend, cOBubincti wilh higher fuc~ prices, possibly through
taxes, appear necessary conlponents of ,~ny policy designed io gel bOlh

producers anti buyers to focus on fuel econolny in the near future.
l'he fuel econonlY of trucks should nOi be ovedooked. 8euer engines,

bener acrollynaluic designs, and, in SOUle s~utcs) pennission iO pun ~wo

lrall~rs. aU could conldbulc to lower VI. But the (ruck frclght systclu itse~f

has evolved lowanls i! Ulore energy-intensive luix. of shor~ hilUI anodes and
slnaUer 'rucks. as a result of shins in the kinds of products being shipped and
(he patients of shipping. And lr"rfic congestion increases tfuck fuel use.
While ahe intensities of olher freight ulodes have declined since i 973» these
Inodes have played it declining role vis-a-vis trucks, whose fuel use dOlninates
ahe subsector. As ;,l result. the probability that thc energy inlensity of freight
hauling will fall over the short lerna future ~s slain.

l'he third Inosl itnpol1ana subsector of transporliuion is air travel. Accord
ing &0 experts at Boeing (I). Wallace. private cOlnnuanicfllion), three impor
tant factors will arfect future passenger uia-cn,fa fuel econoluy. Gradual
ianprovelucnls in coillrol technologies will reduce energy requirelnenis
sonlewhat; breakthroughs in analerials technoiogies dUll pernlit engines io

operate at higher tenlperatures could boost engine perfornlunce signincandy~

bener scheduling and controlling will reduce losses a€ and around airports.
Each of these changc:s could reduce fuel intensity 5-l0%. More dramat~

cally, adoption of the by-pass fan engine would reduce fuel intensity by 300/0
or "lOre. Out bOlh Boeing and Mcl)onncH-Douglas have put off developrnena
of Ihis engine indefinitely. l'he cost of new develop.uents, expressed as an
incrernenlul capital cosl for new aircran. is lOO high relative to the cost of
fuel. l-Ience expectations are for only gradual hnprovernents through beuer
flying controls.

.Just as fur uUhllnobiles, aircraft energy intensity also depends on systcnl
perfonnance. Passengers per night increased aU through the 1970s and 19HOs,
but recenlly aidines have found Al profitable to insert business class scats in
piace of econorny, reducing the lOlal seuling/aircraft uvailable. Congestion at
and around airports is another racior affect ing energy inlcns!ly. And stage
length also has u fundulnentul inlpacl on fuel use. Nevertheless, vl'rtuaHy
every new airplane entering the US (and world) nccl is luorc efficient thun the
present neel itself. 'rhis efficiency gain is greater than the pOlcnlial offsetting
effects of slight declines in scating capactly or load factor. 'rhus lhe principal
uncertainly uver rUIUn.~ aircraft fucl pca-fonuance is Ihal of the rale of decline

of fuel inlcnsilY·
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'The Inanufacturing sector consists of a Itlrge nUlnhcr of diverse industry
groups that CIt1ploy an even hroader range of process technologies to trans
funn nnv Inalerials intn finished goods nud services. 'rhis inherent complexity
ilnposes certain liluitations on energy :Inalyses thut do not generally hold for
other end-usc sectors. In Ihe residential und transport sectors. for example, it
is possihle to relate energy use 10 specific technologies and 10 measure
efficiency changes explicitly over tilne. In the luanufacturing sector. on the
other ht1nd tone nUBsl either carry out detailed technological analyses of
p;lrticular processes or facilities or else focus on the analysis of relatively
clggregaled dalel.

l'he annlysis is greatly sinlplified, however 9 by the fact that manufacturing
energy usc is hngely dOlninalcd by sectors involved in the processing of raw
111C1tcrials. l"hc energy-intcnsive industry groups dcscribed above. although
they ;lccount for only 18% of Inanufacturing value-added (Figure 8), are
responsihle for 56% of sectored electricity use and 14% of total energy use
(Figure 9), Accordingly. shifts in the Ilroduct vnix between the various
energy-intensive industries or between raw ennterinls and light tnanufacturing
nuey have significant hl1pacls on sectoral energy usc.

oro gauge the hnpacts of structural change on Inanufacturing energy use we
calculated the evolution in energy use broken down by fuel type that would
have occurred if the total output level and the energy intensities of each

"Unfortunately. physical production i5 not readHy defined in certain indu5try (!roulls. As a
result. the FRn makes limited use or data on inputs-including. in ~ome cases" electricity
cnnsutnption-as surrogates for output. While this practice obviou~ly compromises the quality or
the data to some extent. the 311piication or Ihis technique is lirniled 10 a small nunlber of industry

~roups.

and electricity. and exclude self-produccd fuels such as ~hc still gas used in
petroleuln refining and thc wood wns'c used in the raper nnd pulp sector ihat
together account for sOlnc 29f'k or sectoral energy usc. More recently', the
Energy InfornuJlion Athninistralion (EtA) carried out a survcy on iuanufachlr
iog energy usc (23) Ghat boih provided daia for the ~ 985 calendar year and
nleasured ahe use of nonpurchascd fucis. nul while EIA to repeat this
survey at three-year no ctnnprchensivc da'3 on iunnufacluring
energy use are available past i 985.

The manufacturing energy data used in ~his report were taken frotn @he US
National Energy Accounts (NEAl (24). \vhich usc a variety of govcnnncnt
and nongovcrnlne~( stiliislics-inchuJing Ille Census and EIA dala-to pro
vide a consistent series or nnnu~,1 energy use data for Ihe years 1958 to 1985.
These data accounl for Ihe total use of fuels and electricity for heal and power
and distinguish bCI\veen oH, natural gas t coal ~ wood, and electricity consunlp
tion.

The nleasurc,neni of luanufachlring aciivily involves both conceptual and
practical difficulties. While the real value-added s~atisiics published by the
Comfllcrce Departillent (25) are onen used in the analysis of trends in
industrial production, these data are eslirnalcd as the algebraic difference
between dollar values of outputs and intermediate inputs in each year, evalu
ated al base-year prices. Consequently, trends in COlumcrce ()epartment rcal
value-added depend not only on output trends per se but also on changes in the
efficiency wilh which inputs are used 10 produce output. Value-added win
increase, for example. if production remains constanl bUI technological itn
provement leads to reduced input re(luirelncnls per unit of output.

To circurnvent this difficulty. the Industrial Production Indices published
by the federal Reserve Board (FRO) (26. 27) were used to measure man
ufacturing activity for the purpose5 of Ihis study. l"hese statistics ineasurc the
physical production of each producl class weighted by its contribution to
sectoral value added in the base year «1911). The resuH is It series of rcal
value-added data thai in principle account strictly for changes in physica~

produclion.K

The energy intensily of each industry group is thus defined as energy usc
per unit of FRO industrial production. 111easurell in energy per unit of value
added. OUf analysis investigates the impacts of changes in the level of sectoral
output, changes in the structure or composition of this output between in
dustry groups, and changes in industry-by-industry energy intensity on "the
evolution of manufacturing energy usc.
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Figure 9 I\.ianufacluring energy use. Shares by induslry group.
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Figllre 10 Manufacturing energy use. In'pacts of structural change. This shows ahe hypolhelici
evulution of energy use in manufacturing if activilY and inlensilies had remained constant at 191
levels and only ahc value-,u..hJet! shares of Ih~ subseClors hlructur~) bat! followed their aClUi
paths.
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industry group had reluained consianl at their 1973 values while the propor..
lion of output produced by each industry followed its historical development.
We found lhat struclural change had no significant impacts on energy use
belween 1958 anti 1913. Beiwecn 1913 and 1985, however, stellc'ural t.:hange
at constant output and energy intensity would have depressed energy use by
180/0, or L60/v per year (Figure &0).

The impacls of structural change were driven largely by a decline in the
proporlion of output pruduced in coal-inlensive industries-particularly lhe
iron and stecl sector, which alone accounts for one-third of Inanufac.uring
coal consulnplion. While structural change would have reduced coal use by
330/0 between 1973 and 19H5, ahe corresponding reductions in oil, gas, and
electricily use were 16(~}, 16o/Q, and iOo/v respectively. l'hesc rcsuhs suggest
that rising oil prices \'Jere not the Inust ilnpurtant factnr driving structural
change. A nuaubcr of uHillysts have suggesled lhal a long-lcran rcduction in
lhe luaterials intensity of ahc US econolny that has significant energy iluplica
aions has been undcr way (28). indeed, the physical production of cc'rtain
raw analerials such as sleel fcU significantly during the 1970s and 1980s, al
though «he production of other conunodilies such as plastics increased (29).
Out other faclors, such as rnacroeconoillic policies thila have giyen 'rise lo

high inlerest cales and a strong dollar that have placcd the US raw rnateri
als sector at a cUluparalive disadvantage, have also been ilnpOrlant. ()vcr
the one-year period I~HI-i9H2, for cxuluplc, lhe OUlpU' of lhe iron and

steel sector feU by 370/0 during the strong recession. This change alone yielde,
an energy use reduction of i. I EJ. or 7% of manufacturing energy use.

Saructural change had no measurable impacts on energy use between 198.
and i 988 J either in aggregate ternlS or OR a fuel-'by- fuel basis, at the level 0
aggregation eluployed in this analysis. In recent years, raw materials produc
lion, as rneasured in econonlic terms. has kept pace with aggregate mall
ufaciuring activity. 'fhese results suggest that the expectation that shifts in lh
cOluposition of Inanufacturing value-added away fronl energy-intensive ill
duslries will lead 10 significant fUlure energy savings may not be fulfilled, 0

al least ahat ahe anticipated decline may nol be snloolh and continuous.
'file rate at which luu;,ufacturing OUlput grows over linle is also an inlpol

tant dClcnninant of sectoral energy use. I~e ..llnunufacluring value-added gre\
at the rapid rale of 5.40/0 per year between 1958 and 1973 and at the slower bu
stiU substantial nate of 2.70/0 per year belween 1973 and 1988 (Figure 8). 'fhu
sectoral 'growth placed strong upward pressure on energy use throughout tll
periQd of analysis. Changes in the growth rale of manufacturing produclio
relative to GNP ure a structural effect of particular relevance to manufactul
ing energy use. BUI while sOlne analYSiS have argued that lhe econolui
ilnporiance of suanufacluring has declined significanlly over tilue. the llal
pojnl to a different conclusion. l'he fraction of real US GNP generate
hy &hc IlliUUlfacturing sector fen,ained luore or less conslant at 21 % in til
191Us and ItJHOs with only Ininoe changes induced by business cyel
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As noted ahove. the Inos@ recent yenr for \vhich cOlnprchcnsive data on
snanufacturing energy use are available is t985. II is therefore not feasible 10

feU. Should not higher energy prices have pushed producers to develop and
hnpicilleni energy-saving technologies Ihal were not cost-cffective at the low
energy prices of the 1960s'!

'The following line of reasoning rnay explain this ohserved disparity be
twecn expectation ;In<.l rcali1.aliol1. Energy accounts for only a SOlan fraction
of lolal input costs in all but the Inosl energy-intensive industries, so research
and tlcvcloplllenl prngrallls genentlly focus nlore on capital and labor pro
ductivity and product llualily thun on energy saving. But technologies that
produce capil;1I and labor savings generally S;lve energy as well, so Ihal the
energy elliciency of new ruanufacluring technologies irnproves over Ihne,
even at low energy prices. ·rhe energy price increases of the 1970s presuln
;Ibly led producers tn invest in focused encrgy-suving technologies. Oul the
iUlllual rale or Inanufacluring output growth shnved I"ro,n 5.40/0 between 1958
and 1973 In 2.5% betwecn 1913 and 1985. lienee \vhile new technologies
Inay have been designed \\'ill1 Inore attention to energy costs, inveshllents in
new technology slowed along with output growth. On balance, then, the rate
of encrgy.:crncienc:y i,nprovclnenl rClnained Inore or less constant.

t:;R""" II Manufacturinl.! enrr~y usc, hnl';lcl~ u,· intensity chant!c~. 'rhi~ shows the hypolhetkal
cvuhninn u" cnergy u~c in numtll;Kll1rin~ ii' activity and v:lluc-alldcd shares or the subseclors
«slnlchUc» had rcntaincd conslant al IC11.1 Icvels :md only intcnsilie~ hall lonowed their aClual
palhs.
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Ch3nges in energy intensity, or energy per uni@ of value added in a particular
industry, win reneel chunging efficiency perfectly only if there is no chllnge
in the mix of producls produced \vi'hin thai industry. ()ur prcihninary analysis
of the ratio of the physic;!1 pn)(I~Clion of energy-intensive raw nuttcrials eo
real value-added in Ihe industry groups in \vhich lhose ena«crials arc produced
ha~ shown Ihat structural changes ;Hay have heen hnportant in sectors such as
chenlicals, where the production of plastics increased subs'antiaUy relative to
other cOlnulotlitics; and in slone, tl«IY t and glass, where Ihe production of
cClnenl fell by 20C/fl relative ~o value added. ntU ihe li~era'ure to dale has
sho\vn Ihal the Inosl ilnportnnfi ilnpacis of structural change may he captured
at a relatively high level of nggrcgution such as the one used in ihis analysis
(30, 31). Thus while Ihe figures discussed in this section should be regarded
properly as indicators ralher Ihan ineasures of energy efficiency, we believe
that energy-intensity trends as Inensurcd in Ihis analysis are driven rnainly by
efficiency improvenlenls.

To measure the impacts of changing energy intensil~e5 on manufacturing
energy usc, we esti,naled (he evolution in energy use @hat would have
occurred between 1958 and 1985 if the output of each industry group had
renlained constanl at its 197J value while its encrgy intenshy followed its
historical path. According to this calculation. structure-adjusted rnanufactur
iog energy intensity 'declined by 2.5% per year between 1958 and 1973
(Figure II). While this decline was Icd hy a 580/0 decline in coal intensity, the
intensity of oil, gas, and wood use declined by 23f~. 150/0, and 11% respec
tively. ElectricilY intensity, on the other hand, renlained relatively constant
over the period.

The 1973 10 1985 trend in energy intensity is rc.narkahly sinlilar. On
aggregate, struclure-ad.iusicd energy intensity feU hy 2.70/., per year between
1973 and 1985-only slightly nunc rapidly Ih~,n the 1958-1973 trend. On a
fuel-by-fuel basis, the intensity reductions were 44%,37%, and 15% for oil,
gas, and coal, respectively. Wood intensity increased by 60/0, while electricity
intensity dropped by sOlne 60/('.

Together. Ihese stutistics point to consider~lhlc hnprovenlcnls in man
ufacturing energy efficiency over time. BUI these changes were arguably
driven as inuch by long-term changes in process technologies as by ~hort-term

responses to changes in the relcUive price or energy. It is indeed striking and
even counterintuitive Ihat the energy shocks or the 1970s did not induce a
significant increase in Ihe rate \'. !{h which nlanufachlring energy intensity

nuclnalions. , as it is convcnliunaUy rncasurcd, has
grown with the ccoluliny rnr ~hc past two decades, and there is no U~U1IClH(:lr

reason 10 believe 11u.,~ ~his will decouple over ihc short ~o in
tcnnediate tcran.
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extend ~he pf~sentclJ in ihe preceding section io rnorc reccn~ years.
Datu arc on Ihe usc of hle~ and electricity for heat iUUJ

power in ~hc aggrcga~c industrial sector, which includes
auining, agriculture, luul construction. l'hese data were prepared by subtracl
ing the usc of energy feedstocks frolu the intius~riai energy sla~islics published
by the Energy Infonnation Adaninistration (32). if we assunlC ahal the rate of
energy-intenSity change was ~he sallIe in nlunufacturing and nonmanufactur
ing induslries, and dual siruc~ural shins between rnanufacluring and other
industries were sluaU, then changes in the ratio of industrial energy use to
tOlal industrial production give au appfoxilu,He nleasure of recent trends in
rnanufacluring energy intensity. When ihis ca~culation is carried out, we nnd
thaI aggregate energy intensity feU by 4.1 % be~ween 1985 and !987~ fuel
intensity feU by 4.b(Yo; and eicClrici!y feU by ! .90/0. These savings were
focused Inilinly on the 1985-1986 intervaL Liule chnnge in energy inlensiiy
occurred bctween 1986 and 1981; electricily intcnsily actually increased by
1.20/0. (See NOTE ADDEO IN I)ROOI~ on p. 501.)

While this approach lacks anaiyaicat rigor, it is defensible on the basis that
the luanufacluring sector accounts for SOIUC two-thirlls of industrial produc
tion and four-fifths of indusariai energy use. As we noted above, structural
change had no significanl hnpacts on naanufacluring energy use between 1985
and 1981. Moreover, &he cOlnposiaion of tolai industrial production between
the various cOluponent seclors did not ch..,nge substantially over the period. In
any even., such casual analysis will have to su~Ticc in the absence of nlorc
authoritati ve data.

We nOle, however, lhat recenl trends in seleclcd industry groups support
(he hypothesis that energy intensities are continuing to fall even in the
POSl-1985 era of low energy prices. Unpublished data from the Iron and Steel
Association (E. Young, private conullunicalion)>> for exanlple, indicate ahal
the energy intensity of lhat secaor feU by I LS% between 1985 and 1988, or
4. I% per year. rrhis ilnproveanent was spread across the range of technologies
used in the industry. Silnilurly, statistics frolll lhe Alnerican Paper Institute (J.

Melz, privillc conununication) indicate ahut an energy intensity reduction of
2.lo/(J occurred in the papcr industry between 19K? and 19M3. l'his nunlbcr
grows ao 7 .5o/tJ when adjuslHlenls are Inalie 10 account for changes in capHcily
utilization, the fucl iUlX, ilnd other HSlrUCluralU factors. Since lhe annual
reduc«ions averaged 3.20/0 bctween 1972 and i9H8-or 3.50/0 on an adjusted
basis-it is tic'l" lhat recent irnprovelucnts are consistent with long-tcnn
trends. Energy intcnsity also r~u in the chcluicals seclor between. 198? and
1988 according io unpublished data froln the Chcluicals Manufacturing
Association fr. Parker. private conununicalion). While the use of fuels and
electricity consunll~d for heat and power increased by l4o/v over the period.
sectoral outpul increascd by 200/0. 'rhus energy intensity feU by a lotal of
5.00/0, or 1.7(Y(I per year.

Fuel Mix
The use of oil and natural gas fell rapidly as ahe prices of these fuels rose i
lhe 1970s. It is oflen suggested that one of the factors behind this trend wa
ihe substitulion of solids and eleclricily for oil and gas. Indeed, the mall

ufacluring fuel share of wood rose fronl 70/0 to l20/0 between 1973 and 1985
while Ihe eleclricily share rose froan 12'-'0 to 170/0. The coal share, in contrasl
rc.uained constant. 8Ul the utilization intensities of these fuels did not ris
substanlially over lhe period-indeed, electricity intensity, adjusted I

account for Ihe impacts of structural change, decreased by 60/0. l'hus whit
interfuel substitution was undoubtedly iJnportant in some applications, on In
whole oil and gas savings were apparently generated 1110re by conservatioi
Ihan by substitution.

Conclusions: Energy EJJiciency in Mtlluifacluring
We have documenled ahal enhanced energy efficiency has been an importar
factor shaping lhe developnlenl of nlanufacturing energy use. But just ho\
Inuch energy was saved by Ihe energy intensity reductions ihal occurre
between 1973 anll 1987'! The fact that statistics are not available on actui.
ananufacluring energy use in 1987 conlplicates lhe analysis. But if we assum
in light of the infonnation presented above that aggregate manufacturing fut
intensity fell by 4.60/0 belween 1985 and 1981 while electricity intensity fe
by 1.90/0, and Inuhiply these intensity estinlales by actual 1987 manufaclurin
aClivity, we find ahat the luanufacluring sector used approximately 12. I EJ (
fuel and 2.5 EJ of electricity in 1981. If. however. the energy intensities (
each industry group had remained t1xed at their 1973 values, manufaclurin
fuel UlUJ electricity use would have been 19.0 EJ and 2.8 EJ respectively give
the actual level and structure of output in 1987. Thus energy intensil
reductions between 1973 and 1987 saved about 6.9 EJ of fuel and 0.3 EJ (
electricity for an overall improvenaenc of 330/0.

Outlook

Future energy use trends in the nuanufacluring seclor1 as in the other secloJ
considered in ahis analysis, are difficult 10 divine. In the absence of compc
ling evidence to lhe conirary, we expect that rnanufac(uring OUlput wi
continue to grow 1I10re or less with GNP. A nunlber ~f analysts have SUI

gesaed ahal ahe structure of luanufacturing production will continue 10 eval"
. ilway frona energy-inlensive raw Inaierials industries (28). Out the structure (

nlunufacluring has apparenliy slubilized in recent years, halting she downwal
pressure on energy use ahal persisted throughoul ahe late 1970s and earl
B9KOs. Future structural trends are therefore highly uncertain and lIeser\
further research.

'I'he future of fnanufacHuing energy efficiency, on ahe olher hand, is "lUI



U\1PAC'rs or U"IPR()VEfJ EFfiCIEN(~Y 419 480 SCIIIPI'ER ET At

o
1979 1982 198519161970 1913

f';~"n' 11 Residential energy use. r:ner~y usc by fud.

15 15

1m Primary losses

o Electricity

10F ~~ -110
.. Wood and Coal

[ J lPG

.. Oil, Kerosene

~ Nalura' Gas

5

EJ/year
20 . .. '-----" '-"---'-'--

easily forecast As we noted abovc t secioral energy intensity declined (i~ an
average nnrnud rate of 2.60/0 per year between 1958 nnd 1985 with no
significant departures frO!l1 the ~rend over @he entire period. Moreover, a range
of studies have suggested that a continuing hnprovctncnt of 1-20/0 per year
win be realized under expected cconolnic conditions through the ann of the
century (28, 33, 34).

Of particular interest is n series of engineering studies of the rotential for
efficiency inlprovemenls in five industries-steel, celuent, paper and pulp,
glass, and textile vnanufac@uring (35-39). The sludies indicate that ~he

chances are "very good" that .he aggregate energy usc per unit of physical
production of the sectors in question could be reduced by roughly 300/0 (i .40/0
per year) between 1985 and 20 lOusing cun'cnt Uslale of the arf' ~cchnoiogy.
Reduclions of approxinultely 40% (2.8% per ycnr) are "possihlcu based on the
usc of advanced technology.

The exlent 10 which new energy-efficient technologies penetrate the nlan
ufacturing sector win be generated in part by the rale of output growth (which
determines investnlent in new facilities) as well as by energy prices. But we
expect that manufacturing energy intensity win continue to decline at a
healthy rate. although perhaps not as rapidly as in the past, as cost-conscious
managers seek to cuI production costs.

RESIDENTIAL SECTOR

Total final US residential energy use remained relatively constant in the 19708
and 1980s, nuctunting between a high value of 10.9 EJ in 1979 and a low of
10.0 EJ in 1982 (Figure 12), but rising to nearly II EJ by 1988. Prinlary
energy usc, however. rose over most of the period with plateaus in the years
following each energy shock (40).9

During this tiRle period, important changes took place in the characteristics
of the sector and the fuel mix. Population, which we take as our measure of
residential activity, and the number of dwellings increased substantially t anti
the fuel mix changed as wen. We Inust further disaggregatc energy usc by fuel
and end use in order to separate the effects of these changes fronl the itnpact
of greater efficiency. To do this, we cOlnpare energy usc for appliances, hot

9'fhese data are based on the State Energy Data System (SEDS) reports, but include wood as
estimated by the Energy Information Administration and the use of gas and oil in apartment
buildings, uses of energy unlined from SEOS. Weather adjustment is carried out by dividing the
apparent consumption of electricity and fuels for space heating by the ratio of aclual to long-tenn
average degree-days, When individual fuels are compared over time, the degree-day series
account for the distribution of honles heated by each fuel,

waler, nnd cnoldng (41) wilh houschold population, and we cornpare space
heating \villl the nUlnber of hOlnes or, where dala llre available, 'with square
UlcCcrs of healed noor area. l'hese cOllllJttrisons yield energy intensities that
we usc ~o cSlhnate the inlpaci of hllproved energy efficiency. We then
reaggregate the cotnponenls of energy use in a way thai allows us 10 separate
Ihe effects of changes in energy intensities frown other factors Ihal may have
arrecled energy use significantly.

Meyers (40) presented a cOluprchensive sunlluary of tilne series data
showing energy lise by fuel (including wood)~ fuel choices for space heating,
water heating, and cooking; housing and household characteristics~ weather;
~,nd other features of the residential scctor. Using these data and our estinlales
of how unsell of cClch fuel is used fur each purpose, we obtain the esthnates of
useful residential energy usc per dwelling shown in Figure 13. By our
Incasurc of useful energy, delivered quantities of oil and getS are counted at
660/0 efficiency, solids tit 55%, and electricity at 100% to account for differ
ences in the utilizution efficiencies of the various fuels at the point of end usc.
We have ad.iusled yearly dala for variations in letnperature (41). By 1981,
dclivered energy use per dwelling had fallen by 240/(' relative to 1913, useful
energy per dwclling had fallen 22%. and prhntlry energy usc per household or
occupied dwelling W;IS 14f~ hclow its 1913 valuc. l'hcse declincs suggest
signific:lnl conservation of fuels und electricity.
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l"ig",.I.' JJ R~~ilicntial cner~y u~c. U~cfui cnefl!Y per hutJ~ehuitJ by coli usc, atljus6ccJ ao nonnal
\\'ealh~r. U~e"ul cucr!!)' i~ \.'61kulah:li by l'uumiug h4uitJ ami !!i&~COUS fuels al 66(~ eUkicnt:y anlJ
~Uhlh al '5(4 Iu i.!l·\.·,auna I"tu' l.'Uuvcl·~iun entdcnl'ee~ 0& thfh:s·cul i·ueh.

The Struclure oj'ihe ReJitlenlial Sector

Bel\vecn 197] and I~H7. ianpurlanl rhanges in ihe ch4lraclcrislics of US
honlcs UCCUITCtl While thc penelralion of central healing (here defined as ahe
presence uf a furnace or boilcr circulHling hOi air or waler Ihrough ahe hOlue. a
cenlral heal pUlnp. electric furnace, or buill-in baseboard elec&ric heating)
increased sltnvly uver lhe period It) around HO(~·. «he average healed Boor area
increased fnun i.lO nr! to ncarly 140 nl'"!. which boosled space healing and
ligluing requireBnenls in an appruxilfliltcly proportional fashion. Cooking and
waleI' healing cquipulenl was virtually saturated in 8913. 'rile owncrship of
iuajor applianccs (refrigcrators. freczers, washers, dryers, iiir conditioners,
and dishwashers). in luunber of unils weighted by 1913 unil energy Uillizulion
of each unil. increased hy 2K(k over lhe period.

Olher ianp0rlanl changes louk place in ahe characterislics of huuseholds and
hOllles, Firsl 1 huusehold SilC declined fronl ] ,U6 persons pcr household in
1973 10 2.72. in ItJH7. Schipper cl al (42) suggcsied lhal energy usc per
household al il given «llnc varies approxilualcly with Ihe square ropl of
household size. For the pilranaeters presented above. energy usc per house
hold should have dcclincd by aboul 6'~" BUIlhe decline in household size can
be viewed us an increase in Ihe nu.ubcr of househulds per capiaa. of I ]'}'£J, 'rhus
lhe dCl'line in household SilC leads io an uverall increase in' energy usc per
capiaa of appruxiuaaleiy 6, 5'~', Second, lhe regional dislribuliun of hUlues
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Fuel Mi.r

During lhe 1910s and 1980s, .najor changes occurred in the mix of fuels used
in US hOlnes, as Figure 12 huplies. Changes occurred for two reasons. First,
exisling hOlnes switched fronl oil to gas and wood in space healing, from oil
!o elc<:lricity in water healing, and froln gas 10 electricity for cooking. The
switch in space healing was particularly rapid between 1918 and 1985, when
snore lhan 5 anillion honles switched away frolU oil healing (Figure 14) (43).
Second. builders chose a significantly differenl nlix of fuels for new homes
than Ihat of ahe existing Siock, Gas and elecaricily are used in preference 10 oil

shifted slightly, such thutthe average number of heating degree-days declined
by nearly 3% between 1970 and 1980 (40). This decreased space heating
requirements but increased cooling needs. On balance the geographical shih
should have decreased delivered energy use by about 2%. a small effect.

Householt.l activity, as measured by population, increased energy use by
15%. The structural factors outlined above together increased final energy use
by 20%, primary energy by 26%. The total increase in primary energy use
driven by changes in thc level and structure of residential activity' should have
been 450/0, slightly greater ahan ahal of the GNP. As it turns out. household
energy use was reslrained cunsiderably by ianprovetl efficiency, as we show
below.
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in new-home space and ihe share of electricity for space and weiler
heating i~ Inuch higher in new constnlction-arnund SUo/a-than in existing
hOlnes. By the second half of the 19805, ihe shares of electricity'itl these
substituhlblc applications levened off, with only the share in new
construction slowly driving up 'he @otal share. In the period 1913-1987, these
iwo kinds of substitulion had had roughly equal hnpacts on fuel choice.

Indeed, part of the decline in delivered energy per household occurred
because electricity aSSlllncd a ~arger role in substitutable end uses, elhninating
lhe on-site cOfnbustion losses that arise when fossil fuels are ernploycd.
Shnilarly, some of rhe increase in prinuu-y energy use per household occurred
because rnore electricity-using devices were employed. Increases in appliance
ownership increased the share of electricily in delivered energy, accounting,
for two-thirds of the increase in electricity usc. These changes mean that
aggregate household energy intensity, either on a prilnary or delivered basis,
has limited utility as an indicator of the itnpact of ilnproved energy efficiency.

We can estinlate the hnpact or shins in the fuel nlix on residential energy
use by asking how much fuel and electricity ,vouJd have been consulned if the
share of hOlnes using electricity for space heating, cooking, and heating water
in i987 had been the same as in 1973. but other paralncters (the number of
homes and the unit consunlption of energy-using equip.nellt) had their 1981
values. Under these circulnstances, about 0.3 EJ less site electricity would
have been consutned, but about 0.91 EJ more fuel. ·fhus, the increase in
primary energy use -from this electricity substitution, about 0.95 EJ ~ was just
about offset by the reduction in fuel use of 0.97 EJ. Note again that only part
of these shirts occurred through the switching or fuels in existing ho!"es.

Intensity and Efficiency: The Major End Uses

This section analyzes the end uses shown in Figure 13. Useful energy
intensities for space heating (in kJ/degree-day/n12) and nlajor appliances
kWhlappliance/yr) in 1981 were significantly lower than they were in 1973.
Energy intensities of fuel-based cooking and water heating fen significantly,
but those for electricity feU less. US hotnes would have used 39% Inore fuel
and 15% more electricity in 1987 for nil purposes than they actually dill if
these reductions had not taken place. This section reviews these changes.

SPACE "EATING Changes in space heating energy intensHy have been
dramatic. Weather-adjusted space heating fuel use in 1973 was approxhnately
1.1 EJ, electricity use 0.2 EJ. By 1981 fuel use feU to slightly under 6 EJ,
while electricity use rose to 0.36 EJ. At the same time, the amount of heated
"oor area increased by nearly 40%. When consumption of principal ruels, as
well as LPG and (llher solids is aggregated, useful energy per dwelling for
space heating feU 34%, and 38% per unit of dwelling area. While some of the

decline in space heating fuel use was caused by lower honle utilization or
increased contributions 10 heating needs by waste heat froln other end uses,
the changes indicate significant conservation of energy.

()etailed exatnination of individual heating fuels supports this finding.
According to our own lahulalinns t average consuluption of gas in a horne
using gus for space heating fell by 350/0 between 1973 and 1987 vs 40% for oil
and 260/0 for electricity. I)aht frOIH the oil and gas industries (44 t 45) show
sinlilar declines in sales of fuels for heating, as Figure 15 shows.

l~here are l11any causes for these reductions. The thermal characteristics of
the external shells of existing hOlues were upgraded. "'he nUlnber of house
holds adding insulation or other conservation features in 1981 kept pace with
or increased slightly relative to earlier years (40, 43). New heating equipment
was Inore efficient than older, too. According to data cOlnpiled by the Gas
Appliance Manufacturer's Associalion, the efficiency of new gas funlaces
increased frOll1 63.2% in 1972 to 14.7% in 1988. l'he seasonal coefficient of
perfonnance of new heat ptHupS increased frorn 2.1 to 2.9 between 1978 and
1988. rrhe gradual rcplacelHent of heating equipnlenl in existing honies and
instaUation in new hOlncs has thus contributed 10' reducing energy use for
heating. The share of heal punlps has reached 250/0 of new hOlnes heated with
electricity. Note t too, that part of the reduction in the use of the main space
heating ruels, particularly oil, was penniUed by a dnnllalic increase in the use
or wood as a secondary fuel.

o -+- I I -----,----T--·-r'- ..._L. 0
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"';grtrr 15 Rc~idcnlial sector. Indices of srace heating fucl rer dwelling. Sources: oil-Heating
Oil Alc,gclti"e yearly survey; gas-surveys fronl liS Gas Associalion



U\,jPA(~TS ~JF U"ipnOVED EF~;iCIENCY 485 486 SCHIPPER ET AL

uf Ihe building shcU in new cons'ruction are
equally fvtcycn; (4tH cOlnparcd insu~atiun levels in hOlues built in
19H6 wiih thuse huih in ~91). l'he ilupruvelncnt in ~he nomuinal ihcnnai
resisiancc of "uie insulaiion was nc,u'ly iwofuhJ, frorn i~i4.4 (or k :::: 0.39
W/dtg-Chn.! in acnus of thcnnai ~fansluissiviiy) in 1913 it) R26.H (k ::: 0.2 i)

in 1986, and dUll fur waH insulation was less, f.-orn R10.0 (k :::: 0.56) to R12.5
(k :::: 0.45). 'file shure of new hOlucs wiah !ioub~c- or Qriplc-glazed windows
increas~d froll' 40C!{) ao 19o/v. In a i9g7 snapsho~, ~hc fraciion of hOllles widl
storln wintJu\vs. waH insulation, nod insulatcd nooes over a baselncol or craw'
space is significantly higher in h(HUeS buill ancr 1974 Ihan ~hat in hOlues buill
before 197t.J. cunfinning the new-construclion insuiulion statistics. Similarly,
healing C(!UipIHcnt efficiency has also ilnpruvcd. as noted ahove. So energy
use fur h~,lling in new hUlncs should be sil!nihciandv ~ower than Ihat in
existing honaes.

llala un energy usc bear nuS Ihcse ilnprnveUlcnts in C(luiprneni and building
shells. Viewed in 1991, gas-healed hontcs buill af~cr 1974 used 20~, less gas,
as rneasurcd in l\1Jh.icgree-day/nr! than !huse built between 1960 and 1914
(43). Evktcnlly, even lhough gaas heating iu@cnsily til ihese pre-1974 hornes
has failen over ,ill\c. lhis ienproveluent h;'ls nui closed the gap in intensity
between new hOlncs anlA Ihe aypit:al hUUlC built bcfore 8913. Silullar imu
provclnenls apply in hoanes healed with e'ectr,ci~y iuui fuel oiL Clearly new
hOlnes use less energy for space healing than n~tlcr ones. Since 240/0 of the
hooles in ItJK7 were buih in 1915 or later, Ihis nu:ans duu irnprovcments in
building pracaices have had un iluporlanl ilnpacl on average heating intensity.

Not aU or lh~ reductiun in space healing inlcnsiiy was caused by irnprovcd
technology. however. 'rhennostal scuings in thc carly 19HOs were several
degrees lower ahan in 1973 (40). By iYH1. seuings were up slightly over 1984
(43). PNL (2~ estianaicd ahut the contributions lu lhe reduction in space
healing energy antensity beaween 1913 and ItJHll fnuu bener equiprnenl and
frorn beller building shells in both existing anti new honles were about one
third larger than the "bchi.lVioral" cOlnponenL Nevertheless. Inosi of ahe
rcduciion sincc 1973 is pennanenL Only a very conceried effort to induce ahe
raising of ahennosaal scuing.s wen above ahei .. i lJ1] levels would bring healing
iUlcnsliy close tu its 1973 value.

WATER IIEATING AND C()()KIN(j 'fhe principal fuels for water hcatin~ ..\lui
cooking arc electricity and natural gas. 4lllhough oil is in sOlne cases sliU used
for waler heating, anu LPG is used for cooking anti water heating in to-ISO/v
of aU ho!ues. Fronl 1973 tu 19H5. the cllicicncy of new gas water healers
increased unly slightly frunt 47(~, 10 51 (Iv. while new electric water heaters
ilnproved by i' siluilar fracaiun. AtUOlnalic ignition (i.c, rcanoval uf pilui
lights) on new gas stoves and clothes drycrs has reduced slandby losses.

Walef use in washing appliances declined significantly. according to figure~

for dish- and clolhes~washers that heat their own water.
Ii is difficult. however. ao delenlline the changes in actual water healing

and cooking energy use caused by ilnproved efficiency. This is because
behavior and utilization pauerns cause significana changes in estinlaled 01

rueiered end use. Reduced household size. for example. has led &0 significanl
ueclines in hot water use per household; changes in eating pauerns as well a~

additional use of anicrowavc ovens led to lower unit consumption of gas O!

eleclricily, for cooking.

ELECTiUC APPLIANCa:S AND LIGIITING Allhough electricity use for light
ing and electric appliances is nol well doculnenled (46. 41). estimates ot
;.aggregate clecaricity use per household for the six most important appliances
(r~frigenators. freezers. washers and dryers. dishwashers. and air condilion
ers) give sonle perspective on the changes that have occurred. Increased
ownership of these appliances, had lhere been no change in unit consumption,
would have boosted energy use for these six applications from aboul 3520
kWh per household in 1913 to about 4250 kWh per household in 1987.
Instead. actual use was approxilnalcly 3150 kWh per household, representing
a savings of approxilnatcly 12l/fl, or 0.16 EJ. 1U If this savings rate were
applied 10 all ilppliances (Le. aU electricity use excluding that for space and
waler heating and cooking), savings would be about 0.25 EJ.

A variety of studies document the ilnproVeluen(s in lhe efficiency of new
appliances sold since 1912 by weighting sales of each product by an indicalol
of efficiency. !. SOlne of these inlproveanents are shown in Figure 16. The
irnprovenlcnls arc greatest for refrigerators and freezers. smallest for electric
waler healers. In general. the ilnprovelnents are ilnpressive, although furthcl
inlprovClllents are practical and economic (48).

'rile reductions in the average electricity consumption of the appliance
stock between 1973 and 19H6 are less ahan ahe ilnprovements in new Illodels,
of course, because (he Harnover in the appliance slock is slow. Moreover. new
appliances lcnd 10 have enore energy-intensive features ahan appliances bein~

retired (c.g. autoluatic iceluakers in· refrigerators). On the other hand. top-of
the-line anodels often have Inure energy saving features than simpler models.
And average new freezer size declinc..i between 1912 and 1988, while Dev.
refrigerator sile reluained cons.ani aner 1918. I~inally. there are uncertainlie~

in the es«inuues of in-ho.ne consuluption vs laboratory consunlption tests 01

. m'n.e unit consulnpliun "i~ure~ were laken froul lhe Lawrence Berkdey Laboratory Resil!cn
sill' Mudd U. fV'a~Mahun. pa'ivale conuuunicaliun). The eSlin.alel! ele~lricilY consu.nplion pel
huu~ehuill ,'ur .i~htin~ shuws a sh~hl decline lhat can be: explained by lower house oc~upanc)

«i.e, fewer huurs spent al hume) anll snaaUcr huusehold sileo
.lln Ihe case uf I·ehi~cralor~. h)r cxalnplc. Ihis indil'alor is ~ivcn by volunle per unil of yearl)

dc,:&rit:iay cunsunlpliun,
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changed while fuel shares, activity, and structural panuueters had remained
couslnnl at their 1973 values, US hoanes wuuld huve used 6.7 EJ of fuel and
1.8 EJ of electricity in 1987, declines of 27% and 12% respectively frorn 191J
valu~s. Put another way, reduced intensities nlone cut totnl pritnary energy
usc hy 21 r;lp. Allcrnulively, had the inlensitics of each end-use been frozen at
tll(~ir 1913 values, then fuel usc in 1987 would have heen 10.9 EJ and
electricity use J.6 EJ, yielding lotal pritnary energy use of 22.0 EJ, more than
).1 EJ higher than aClual.

Outlook

EJ/year

The energy intensity of a typical new house, heating systenl, or appliance is
by no Inensure ncar its theoretical or even econoluic tuininlurn. Indeed,
cornparison of average new electric appliance energy intcnsity with the lowesl
on the Inarkct shows a widc gap. But in sOlue cases the rate of decline in
intensity of nlost new systelns has slowed or stopped. It appears that insula
tion levels in nc\\' honles built in 1986 and 1987 were no bettcr than those
installed in 1985. l~he slowdown in efficiency hnprovetnents represents a
Inarkcl slowdown, nol a boUolning out of technology that is econolnicaUy
auractivc (49). 'The outlook for further decline is therefore dependent on

19871984198119181915

o ; . . iii
1972

2

F;g"r(" 16 Appliance efficiency trends. Changes in efficiency ratios, These are ~he shipmenl

weighted efficiency factors for new electric avriianccs sold in the United Siales between 1972
and 1981. For each appliance shown, we display the seusonal energy efficiency rutio (SEER,
c()(lUng or healing pcr unit or electricity commnlCd) or ellidcncy (vulmnc cooled per unit or
electricity consumption) or nil nuxlcls shipped in the United States in a given year. Source:
derived (rom ACEEE
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24new models. Thus the 12% reduction in stock-wide unit consumption that· we
cite represents the cotnbined impact of efficiency hnprovements and an other
factors.

What were the efficiency improvements? Refrigerator insulation, seals,
motors, and cornpressors were inlproved. Air conditioner nl0lors, cOln
pressors, and controls were upgraded. Water requirements for dish- and
clothes-washers were reduced. Sensors were added to dryers to shut off heat
and power when the "loislure in the clothes was low enough. The savings
~cre all achieved using low-cost technology (48).

There is stin considerable roorn for reductions in appliance energy intensi
ty. The average unit consulnption of new appliances sold is well above the
levels achieved by the l110st efficient models, and advanced prototypes are
even more efficient" It is Iherefo~e clear that the present average new intensi
ties do not represent the technically feasible limits or efficiency. And as many
argue, these models are also far from limits of econolnic feasibility (47).

Conclusions: Energy Efficiency in the Residential Sector

The development of energy use in the residential sector is shown in Figure 17.
Improved energy efficiency had a clear ilnpact on the residential sector

·between 1973 and 1981. If only the intensity of fuel and electricity use had

"';Rlln· 17' Residential prhnary energy u~e, Inten~ity. activity. stnlcture cffects. E.volution of

iI{~lua' :mt' h)'flothctical flrituary ent'rgy usc in the re~idential ~ect(lr. E:lch "cffec"" is computed by
h:tvin(! only intensity. activity. or slnlctute 'a~ dclined in thc tcxl) (oUo\\, its actual path while
huldin(! thc uther twn cOlnrnnents ;" Il)7J Icvds.
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Figure 18 Energy use in service sector buildings by fuellype. Sources: SEDS. NBECS.

EJ/year ., ,~12'•.., -.... _--

Ihese figures as Ihe indicalors of Ihe change in secloral aClivity over Ihe period
of Ihe analysis. The slrueture of Ihe service seclor can be measured by several
'Iuanlilies. The most ilnportant is noor area. which grew from an estinlaled
3.5 billion square melers in 1973 (52) to more than 5.4 billion square melers
in 1987 (53). l'his growth was only slighlly faster than ahe growth in service
sector GNP. I-Iowever. ahe ratio of sectoral floor area to total GNP increased
because ahe share of service seclor GNP in overall GNP increased fronl 610/0
to 650/0.

Additionally, ahe mix of buildings changed slightly. According to PNL (2).
ahe shure of office building noor space increased from 16.60/0 in 1972 to
19.8% in 1986, and shares of warehouses and lodging increased slighliy.
Shares of retail, food sales, and educational floor space fell. the latter
significantly, f'-Olll 16.1 % to 13.90/0. And ahe geographical distribution of
buildings shined slightly lowards the South and West. According to PNL, the
mix effeci increased fuel and eleclricily use by about. 0.08 and 0.06 EJ.
respectively, while lhe geognlphical shift reduced fuel needs by 0.04 EJ but
incrcased eleclricily use by 0.02 EJ. Thus Ihe impaci of slructural change, as
measured by Ihe slight i~crease in Ihe 1100r area per unil of service seclor
GNP, changes in Ihe mix of buildings, and geographical shifls, is very small
cunlparcu 10 iolal fucl utilization of 2.5 EJ and elecfricity use of 2.5 EJ in
1986. Ily conlrasl, Ihe aClivily effcct was significalll because Ihe service
sector GNP grew 7o/tJ Inore lhan IOlal GNP. Yet between 1973 and 1987,

o Primary losses

o Electricity

- District Heat

.. SoUda

- Gas

'83 '84 '86 '86

2

4'

6

a -

o .-r--1--'---,--,-,-
1973 1979

10

The energy usc uf lhe service sector is dOluinalcd hy building-relaaeu aClivi
lies (52). Survey dala un cncrgy usc" nunr area, anJ other l'haraceerislics of
lhe US service scclor are available only for IlJ7tJ. ItJK3, and IYH6 (53). Froln
olher dala (S EllS) (54 L which include energy usc for aClivities no@ associated
wilh building energy usc, Schippcr cl al (52) asscluhled && tinle series of
energy usc ..Iala lhal cau he adjusled in Inalch ahe ItJ79 f.lnd 19K3 surveys. l'he
resuhs for key years arc shown in Figurc IH, I)eliverell energy usc rose froln
5,) EJ in 11.)7) lu 5,lJ 1:1 in AtJ7()-ta very cold year, then feU au a plalcau of
5.] EJ in i<JH6. Prjlnary energy usc, un ahe olher hand, rose fnuu H.B EJ in
197) In II. I EJ in IYH6. as a resull of ahe suhslitution of electricity for fuels
and fUl1her pcnetralion uf elCtlricily-drivcn services like Coulpulers and hg.hl
Ing.

The L)'lrUc!ure or Ihe .Ser\'ice LS'ector

Service sector ('jNP. excluding utilities, grew nearly S()(,;{,. frnul 1.67 trillion
dullars in I<J7.l lu 2.51 trillion in IlJM7 as evaluated at I()H.2 prices. We iake

SERVICl~ SEC'rOI{

fUILIre forccs lhal aileci the markelplace-residcnlial energy prkes. Ihe pcr-
ceived or rcai int'!"clucnia~ of grcaaicr efficiency, tulti puh!ic

()nc ~Iupurlaui ihat \vill ri@;sc cfficiencies is lhc Nilliona~ Appliance
Efficiency Standards, \vhil·h ~akc cffcca initially for rcfrigenuul"s, freezers,
WUICf healcrs, and rooln air condilioners in i 990. More saringcru efficiency
requireulenls for rcfdgcnuors and freezers \viB ~akc cffcCi in 1993" antJ
rcquircn,culs fur n@hcr pnuhu:is arc ~ikcly 10 be ullgnulcd in ahe fUlure as well.
California. nne of dac largcs@ econuiuics in ihe has upgraded ils own
rcquiresnelus un the efficient')' of huuseholt! appliances sold in the Slate t ~OO.

This iype of pulicy l'irculuvcnis consulucrs', Inanufacaurers' ~ ;'!lul builders'
high hnplk'ia llis<:UUlll nalCs, as \\lcU as it vari4:ay of olhcr anarkcl ilud nOfunar
kel ban'icrs In Ulurc cfficicru energy use.

Moreover, there are a uaunber of ieupofl,Ull energy-saving aechnologies lha~

are slaning 10 penelralc ahe inarkci 10 a significani degree (IH. 49). l'hese
includc luw-clnissiviGy glass for windows, vf.lsdy ~iUPfovcd gas furnaces and
gas heae PUIUpS. and electric hcal-pulnp w"h~r healers. As fur aile fuhsre of
very ellicic8u refrigcraiors, freezers. uud air conditioners, progress here is
clouded by uncertainties ovcr fUlure rcfrigerants (50). Finally. novel waH
conslrucaions ;,and huilliing iet'hni4ues, as practiced ahnosi universally in
Sweden (51). pnunise in reduce he,uing losses in new deluched housing
Inarkedly. A further tlecline in energy inlensily should occur as lhese new
aechnologies are luore widely c.lisscluinaied, as ongoing I~&l) leads 10 ever
belief technolugies (such as gas-fired heal PUIUpS). iUUJ as appliance and
building standards lake effcc~ and are ianprovcd.
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Nevertheless .. Schipper et iii (52) found a 16o/p dccline in delivered energy use
per unit 01" noor .ucn helween I ()7 J und 19R3~ extending the data fronl Ihat
report in 1986 (to COlupnfe with NHl:'CS) lind extrapolating to 1987 yields an
overall reduction of 33c,I". prhc intensity of fuel usc, including district heat .. fell
49'*,. Ahout h.llf of this dccline was likely ctulsed by reductions in the
proportion of Iloor ilrCii healed by fossil fuels and hy the very 111ild winter of
19R7. We eun COlnpilre energy intensity in 1979 and 1986 by building type.
Figure 19 shows thai delivered energy per unit nnor area declined for Inost

huilding 1ypes. l"hc saIne is true for fuel intensity. electric intensity .. and
prilnary cncrl!Y intensity.

Most heel is used fur spare heuting. \vilh il slnaU alnonnl of fuel used for
w~Ucr heating nnll cooking (55). Most observers allocate as t11uch as 800/(' of
fuel usc tn space heating. We helieve .. therefore .. thai cotnparing fuel (and
district heatiug) usc to the estinuued area healed by fuel provides one
nle31lingful "lCnSUre of enefl:'!Y intensity. By our estirnale .. healing intensity
lay ;It 940 MJltn2 in 1973. fulling 10 190 MJ/.u1 in 1979 and further to 560
MJ/nl1 in i986. Even allowing for uncertainties in \veather correction. the
share or fuel used for heating. and the share of buildings \vith fuel heat in
1973 .. the nlagnilude or this change is a clcur indic.llion of significant savings
or space healing fuel.

SonIc inore precise 111eaSUrcs of intensity changes are available fronl
NBECS. Gas usc per unit arca in huildings hcnted with gas, for cX8rnple .. was
981 MJ/au1 in 1979 as co.npared with 555 MJ/fn2 in 1986. Although use of

MJ/yearlsQuare meter delivered energy
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12NnE('S (5.11 did r.ol di~'in~uish hetween flfimaty';md ~econdllry hellting fuels. We Cook the
share or buildin!!~ using euch fuel over she stun or the shares. whkh was '14~.

Fuel Mi.t

The mix of fuels in the service sector has evolved in a rnanner sirnilar to «hal
of ~he residenlial sector .. away "rool oil and lowards eleClricity. ()riving Ihe
increased share of electricity was both further elechification (i.e. rnorc uses of
electricity) .. as wen as greater penelration of electric heating. Measured by the
area of buildings they healed .. heating fuels chosen were predominantly oil
(22~') or gas (50%) in 1919. 11 FrUIn NIlECS da'~~ on healing fuels in
buildings buill before 191 j we infer 111,,1 Ihe share or arc;1 healed by electricity
grc\y steadily .. froln, npproxhllatcly 1c/r of Ihe entire stock in i913 (0 i 50/0 in
1979 anll 21.50/£' in 1986.. while Ihose of gas or oil (nnd t,PG) have decreased
rrom an cslilnnted 87% in 1913 to 67c/r in 1986. Part of this shin towards
electricity as the principal hen'ing fuel is explained by the shift of service
seclor activity 10\vanJs wnnner clitnatcs, where lower heating ~.oads pcnni~

electric healing 10 COlllpete beller against gas or oii.

Intensity anti Efficiency
Measuring changes in energy efficiency requires the disaggregation of energy
use into end-uses, such as space hcuting or cooling. Oul Ihe services provided
by energy in .he service sector arc diverse and changing. With current data
gathering efforts. it is very difficult io break energy use by fuel iolo end uses ..
and it is therefore very difficuillo derive energy intensities for each purpose in
order 10 gauge the inlpacl or improved efficiency.

II is possible, however. 1o eslitnalc how energy use per unit of noor area
has changed. Since surveys have nleasurcd energy usc anti intensity
since 1919, comparing present-day intensities with those fronl 1973 is prob
lematic. The inlprccision of the SEDS (54) data compound this problenl.

service sector energy usc incrc~lscd 50/r, while prunary energy usc
grc\v by 27("1(1.

Pfhe siructural change here does not include shins in the kinds of
energy services provided in buih.lings, particularly dUlse relying on electric
iiy. The share of noor space provided wilh cooling t and ~hc IcveD of usc or
computers and other cOlnlnunications equiplnenQ has increased rnarkcdly.
These shiHs increased electricity use. SOU1C of the was@c hcat fror" .his
electricity use reduced space heating needs in winier mnonths but increased
cooling needs during ahe rest uf the year. nience a broader view suggests that
!he overall hnp.,ct of structural change on energy use in ~hc service sector hilS

reduced fuel usc slightly fur heating hut incrcilsed electricity usc signiriciulily
for a variety of purposes.

riRrtn' 19 Scr\'kc !\crtur. Chan(.!cs in cncffY intensity hy suh~cctnr Source: Ref. 53
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secondary fuels inay accuurU for parl of ahis drop, increased eft1ciency is
evident for oil hea~ show a SilUHt.lf decline. 'rhe fuel iruensiay of iuost
building ~ypcs alsu feU between i 979 and 1986. Since iuosl fuc~ was used for
space he,u, this evidence points towards a savings of space heai
ing.

Eleclriciiy is anore probleululic, because the use found in every
building is that for ligluang. Available daHl do not penuit a comparison of
eteclrici€y use by clul-use over ~hne. Eleclricity inlensily in buildings that heat
wilh electricity fcU froul 650 MJ/rn2 in 1979 ~o 579 MJ/fn2 in 1986, abouc lhe
sanle percenaage reduction as Ihc change in ~hc nUlnber of heating degree
days. 'rhus it is difficuh 10 draw conclusions about lhe inlensity of eieciric
healing. 'rhe sauu.~ applies to cooling. On ihe oaher hand, lOia! eieclricily
intensity, aggregated over 4111 buildings, rcauained constant between 1979 and
!9H6. Since ahe pcnelralion of ci~Ciric healing, cooHng, and other equipment
(e.g. cOlnpulers) incrcased, ahis i1npHes lhat sOlne hnprovenlenls in the
efficiency of elec!ricily utilization must have occurred.

Combining ahe lilHilt;d knowledge we have concerning Ihe use of individual
fuels suggests lhal Ihe reduction in fuel inlensity between D979 and 1986
ahnost 37o/v-was caused principally by efficiency improvenlencs. but in
creased penetration of electric healing captured about 50/0 of the healed floor
area between 1979 and 1986. and ahe "littlcr chauute in 1986 aione allowed a
reduction in healing needs of aboul 100/0. l'he remaining decline. approx
ilnalely 25o/tJ t can bc ascribed 10 saved fuel for space and waler healing.

The PNL analysis (2) auelnpted to quantify ahe factors thai caused intensity
iO faiL Although il found [unre Ihan MOo/v of iiS .lconserva«iouu effect un
explained. il judged ahat factors other than ilnprovcluenls in building shells
accounled for IUULla of the savings. 8uilding sheU retrofits accounted for 7%
of ahe savings, nnlllhe high efficiency of new buildings relative io ihe exisling
building SIOCK for an additional M.5%. 'fhc IOCHlion of more buildings in
warnler cliulules had a aninor effect. A shift in building lype also contributed
to ahe decline in fuel use. PNL, on the olher hand, olniUed explicil reference
iO the shifllowunJs clcclricity as a prianary and secondary heating source. ()ur

esliJnale of lhe share of cleclric heating in 1973. 70/0. iluplies a loss of Inure
lhan 14 points in the shan~ of fossil-futl healing, which by 1986 should have
reduced fossil fuel intensity over aU buildings by nearly 100/0, accounling for
part of PNL's unexplained residuaL We cstiluale (hal whereas only 0.1 EJ of
eleclricily was used fur heating in 1973. the figure increased to 0.32 EJ in
1986; cooling elcctricity use increased frolll 0.27 EJ in 1973 to 0.42 EJ in
1~86. .

Conclusion: Energy Efficiency in the ..)ervice Seclor

Ilow "luch cnergy was saved in Ihe service seclor between 1973 and IY87?
We showed lhat relative (0 overall GNP, service seclor CiNP and iotal

building area increased slightly. increasing sectoral energy use. Fuel shin~

reduced fuel needs but increased needs for electricity. Allhough our figure:
are rough. we believe that a 40% decline in fuel heating intensity and an IS'?
uecline in electric healing intensity took place. These improvements yielde(
savings of approximately 1.5 EJ of fuel and 0.01 EJ of electricity» a
cOlnpared with actual utilization of 2.16 EJ and 0.33 EJ, respectively. Final
~y, Ihe increased share of electric heating raised electricity use by appeox
irnately 0.15 EJ but reduced fossil fuel use by roughly 0.6 EJ.

Outlook

A number of studies (i 8 J 49 J 55, 56) suggest that the intensity of virtually an~

new system or energy service can vary considerably. New lighting systems
supported by specular reflectors, eB~ctronic ballasts, and judicious use 0

dayHghting, have reduced electricity intensity for lighting by 50-15tro in SOffil

comnlercial buildings (55). Low-emissivity glass can reduce heat losses 0

gains significantly J yet allow for maximunl use of daylight to reduce artificia
lighting loads as welL Variable speed/volume space-conditioning systelu
offer reductions in power for motors and conlpressors without reducin,
cOlnfort; air-to-air heat-exchangers allow for higher indoor air quality Will
substantial heat-loss reductions. Interestingly enough, the trend towards des
ignated slnoking areas coutd also lead to a reduction in ventilation needs, a
silloke-free areas require far fewer air exchanges than areas where sinokin
lakes place.

NUlional' surveys as well as information fronl equipment· manufaclurel
indicate Ihat various energy-saving technologies are starting to be adopted 0

a large scale. For exuanple II the national survey of conlmercial building
conducted by the US Dcpartauent of Energy showed that high-efficienc
ballasts hud been implelnented in 42% of new commercial floor spact
deluluping progralns had been implemented in 21 % of commercial nO(

space. and energy 1l1anagelnent and control systems had been implenlenled i
i 90/0 of conlnlercial !loor space as of 1986 (53). These and other technologic.
iUlprovenlenls contributed to the decline in energy use per unit of floor are
during 1973-1986.

Continuing technological inlproveluents in lighting. space conditioninl
and oth~r end-uses wHlliauil future growth in energy use in the service secto
'rhese' ilnprovernents are being sti.llulated by .narket forces as well as goven
Inene &and utility prognuns. For exaluple, the federal governlnenl adople
Inlni~nunl efficiency standurds for new nuorescent lighting ballasts. The~

standards, which look effect January i. 1990, are expected by lhe year 2()(
10 reduce. eleclricily utilization in conunercial buildings by around 0.1 EJ/:
(c(!uivulent 10 40/0 of electricity use in conunercial buildings in 1988 (51
Miniauuln efficiency slundanls for fluorescent and incandescent lalups a
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sector agl!rc(!atc. I:,;,ch ··cffec'" is con'ruted by h:lvin~ only intensities. activity le\'cls. or

structure (as defined in the specific seelnrs) "nllow its aelmll flath while hnldin~ the other two

cun,punents const;,"1 ;It I()7 -' levels. I>cfinitions of thcl\c eOll1rnnents arc ~iven in the respective

eha.,tcrs, FUt'I and ciectricity fil!urcs ftcn" cad. ;Ict,\',ty sectnr arc smnnlcd countin, electricity

bein!! at 'I.~()n ntu ur 1261(,1\1 ref 9<\Vh I" accnunt fur conve,sion losses. Sources: DOE. Lnl
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IhClt would ohttlin if only energy intensities, only sectoral activity levels, or
intrasectonl' structure had changed over titne while the other two factors

were held conslant nt their hase-year (1913) values. ·rhe hnpact of changing
energy intensity is ahnnst equal ;ind opposite In that of activity, while
structureDI change Icd In anodest increases in energy usc. l·hus reduced energy
intensities hflll a Ina.iof itnpaci on US pril'uary energy usc.

figure 21 sunun~ui1.es the impacts of structufill changes on US energy use
hy sector between 1913 and '981. All figures are indexed relative to their
i 91J values. It eun be seen that only in the service and Inanufacturing sectors
did sectural nctivity l!rnw nunc rnpidly thetn (iNP. Intrascctoral structural
chnnge. on the other hand, "Iuced suhstantit" upward pressure on residential
ener[!y usc: hnd relatively sinall effects in the service. freight, and passenger
transpol1 sectors; and yielded significant energy savings in manufacturing.
Taken together. the itnpacts of (htlnges in both activity and structure exerted a
sOlall upweud innuence nn energy usc relative to GNP in the residential and
service sectors and a sinall downward innuence in the freight. passenger
transportation, and Inanufacturing sectors. In the aggregate, increased activity
levels and structt;ral change would have increased delivered and prhnary
energy usc by J5C!(l. Actual energy use, on the other hand. decreased by 2% in
ternlS of delivered energy. and increased by only 6f/(l in tenus of prinlary

nWe omit consideration or Ihe residual between tolal primary energy use as reported by D(lE
(5) and the primary energy used in the sectors con~idered in this analysis. It is unlikely Ihat the
evolution of the residual between our figures and those given by OOrr-from B2, 6 r~ in B973 to
approximately 11.6 EJ in 1987-113s an imporlant impact on our results.

CONCLUSIONS AND DISCUSSION

The lnlpacts of 111,provell Efficiency
Figure 20 shows the evolution of prhnary energy use from 1973 to B981 (see
also Table I). We give actual primary energy use measured for the sectors we
have considered t 13 and the three hypothetical levels of primary e~ergy use

being adopted in M3ssachuscus (58), and lanlp efficiency standards arc under
consideration in other stales as well as at ~he federal level.

In !989, the US Dcparhnent of Energy issued luininnun efficiency stan
dards for ne\v conuncrcial buildings (59). l·hcse standards arc Inandaiory for
federally o\vned buildings but voluntary ror the private sector. Siates «hat
follo\\' these guidelines by revising their building codes could significantly
reduce energy use in the services sector over the ~ong run. for exasuple ~

inodels suggest that Ite,\' office buildings Inecting these standards would use
15-300/0 less prhnary energy than buildings cOlnplying with standards widely
adopted in the early i 980s (55).

Concerning utility prograills, snany utilities provide financial incentives
such as rebates to stinlulate the adoption of energy-efficient technologies in
the service sec.or. A few utilities even instan energy-efficiency mca~urcs at
their own expense on the premises of Iheir customers. The nlost effective
utility programs are reaching 700/0 or "lOre or eligible C\lstolners and are
reducing electricity use by 10-30%, allhough mo~t utility prograrns are nol
nearly Ihis successful (60). The overall inlpact of utility energy-efficiency
programs is expected to grow as more utilities ilnplement fun-scale prognuns,
programs are improved, and the goal of Uleast-cost energy services" spreads
throughout the utility industry. ~

One technological trend-the proliferation of electronic office equip
ment--could significantly increase future energy use in the services sector.
Saturation of personal conlpulers, printers, copiers, fax machines, etc is
expected to continue growing during the 1990s. One study estinlates that
without efficiency improvements, lotal electricity use by office electronic
equipment could climb by 160-3600/0 between 1988 and 1995 (61). Ilowever,
full use of loday's "lost efficient hardware could potentially eliminate aU of
this electricity denland growth. Thus, with uncertainty regarding both the rate
of growth and the efficiency of new electronic equipnlent, it is difficult to
predict future energy use in the services sector.
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F;glll"('ll CIMn!!~~ in ..ldiv~rccJ enef!!Y usc siut'c IlJ7]. At:.ivi!)' anlA Slrut'lure c8Jccls. Uyputhe
li~al 197.\-I'JM7 d.anl.!c~ in cn~ ..gy u~c if unly sct'haral activilY levci per unia of GNP taclivi')'
effcl'U uc Ihe ':".U.pu~iliun u" a':livitics as lIchnctJ in lhe re~pcl'livc sccturs hlruclurc eIJe.:U halJ
fuUu\\'cJ lhcir al'aual Pillh\ while aU nlhcr fuclurs had rClu;aincJ t'unSlanl at 1')7-'Icvcls. The nel
CH~l'l l'apturcs thc l',uuhauc..1 impa~l uS' daau!!cs in Ih~ uaex. antJ levd uf a':iivi.ie~ in eada sct:lur
rd.ui\'~ lu GNP

energy. In eilher case, ahe divergence bClwecn lhe awo sees of figures is i.lll

indication of ahc suhslaluilll ilnpacas uf iluproveJ efficiency onUS energy
use.

Which sectors showed mhe greillcsl rctlucsions in energy inlcnsily'! Figure
22 shows how slnll:iurc-,u.I.;us4ed energy inlenS!ly I in ieflllS of both delivered
and priana.-y energy. evolved ovcr aiane in each end-usc SCt'CUr. rrhe declines
varied fnuH ] I(A· in IHanufacluring 10 20 lA· in passenger Iranspurlalion io 4.5'Yo
fur freight. (In prinlary lerans, the percentagc dcclines were less cxcepl for
iranspon, where they were the saine.» 'rhese declines aogclher poinl lo a
reduction in aggregate energy intcnsity hChveen 14)73 anti 1987 of the sectors
considered in this fepon uf 24(,4, in tenns of delivered cnergy or 11 (jil in tenus
of prinlary energy. 'rhese iluprovenlenls curresponulo net savings of 16.5 E.9
of delivered energy &lnll I~. 7 EJ uf prilnary energy al 19M7 activity levels,
l'hul delivered energy inlensily feU IIlorc ahan prinlary renecis the fael ahUI
fuel inlcnsily fell hy 26(,1· while electricity intcnsity fell by only So/ll.

We can also highlight the activities where lhc UloSI ulHuubiguuus efficiency
ianprovclllents occurrcd: passenger air Inlvel cuergy intensity declined by
nearly 50clil t resideutial and scrviccs space healiug inlensily by "boUI J5 ty() ,
and Inanufacturiug fuel inlcnsity by ahout ]~i(AI. ,\ulolnuhile and light truck
vehicle fuel intensity feU by 2Ht.A·, but falling 10a«.1 factors uffset ahis iauprovc-

F(t:lln' 21 Chan~es in delivered ener!!)' use ~ince 197.l, Ener@)' intensity effect. Hypothetic
1973-1987 changes in priolary and delivered ener~y usc if onl)' energy intensities had follow.
lheir accual paths while sectural activity Icvels ami SlruClure had remained at 1973 levels.

luent in Iravel efficiency ~ The inlensity of electric appliances declined I
some 129c.

Several factors served to increase energy demand, thereby offsening in pi3
Ihe ilnpact of these inlproventents. l'ruck freight intensity increased. in pi.

because of the rise in shurt-haul light trucking. Changes in the "lOOal nllx.
passenger Iransporlaliun raised energy use slightly. Ileated residential no
area, and the nUluber of appliances per household. increased. Changes in I

kinds of services offered in cOlnnlercial buildings, panicularly those usil
elcctricity. raised energy use. Strlleluna; change in the manufacturing sect<
on the other hand. led 10 reductions in the production of energy-intensive bl
luateriuls relative io other products.

Since the energy/GNP ralio is sensitive 10 nil factors affecting energy U~

not just ahose Ihat are conceptually related to energy efficiency. it is
luisleading efficiency indicator (0 the exlenl Ihal structure and activity hi)
inlportanl effects. On balance, siruciural change and growth in seClo
aClivily levels served 10 raise the level of energy use. "ulthe growlh in enci
use induced by these factors was sluillier ahan Ihe increase in GNP. so ,I
changes in the level and structure of sectoral activities led to net reduclion~

the encrgy/GNP ralio over the period of analysis. The reduction in the prinl
energy/GNP ratio between 1973 and 19M7 therefore overstates the ellicic.
ianprovclnent that occurred over the period. perhaps by as auuch as one-foli
uf lhe lolal reduction in the ralio.
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figures 20 and 22 show that energy efficiency had a considerable
hnpact on total US energy use. Data fronl the last seycra9 ycars t

however t suggest that the rate of efficiency hnprovcment irnplicd by our
sectoral analyses may be slowing down or even cooling to a halt. l°he drop in
world o~1 prices in 1986 has begun to have an impact on energy iOntensities.
The energy intensUies of some classes of energy-using equiplnent, such as
new aulomobiles p are no longer decreasing over thne. In some applications,
energy intensity is even increasing.

In the residential sector, primary and useful energy use per household
declined through 1983 but have increased in more recent years. Ileafing
intensity t which had fallen by 4.5% per year through 1983, feU by less than
n% per year between 1983 and 1981. Adjusted ror structural change, primary
energy intensity also feU more rapidly before 1983 than thereafter. By con
trast, the rate of decline in appliance energy intensity increased after 1982,
and should continue to fall because new appliances are more efficient than
older ones.

In the service sector, the decline in fuel heating ronows the same pattern as
space heating in homes, while the increase in nonheating electricity intensity
before 1983 turned to a decline after that time. Structure-adjusted primary
energy intensity in services thus falls luore· rapidly after '983 than before,
although the decline appears to bottom-out after 1985. These observations
suggest that efficiency increases in buildings have slowed, although the
hnpact of more efficient electricity use is delayed as the impact of new
equipment is still being felt in the stock.

The transportation sector shows an intensily plateau, too. The specific fuel
utilization of personal vehicles fell more rapidly before D983 than in more
recent years. This is due to the rapid growth in light trucks during the late
1970s and early 1980s as well as the relaxation of federal fuel-econorny
standards in recent years. The combined fuel intensity of new cars and light
trucks fell by 6.2% per year before 1983 but by only 1.3% per year thereafter.
Passenger energy intensities as Ineasured in MJ/passenger-kni fell less rapidly
because of the decline in load factors. Air passenger intensity fell 11l0re

rapidly before 1983 than fronl 1983 to 1985, but the decline accelerated again
after 1985. Significantly t the improvement in air and automobile passenger
fuel intensities was most rapid during the period of rapid activity growth. This
makes sense: growth in activity implies investment in newer, more efficient
vehicles and higher load factors on planes. Together, these effects lower the
average passenger intensity of the transportation sector. For freight t all
indicators point to more rapid progress before 1983 than thereafter; the ORNL
data, for example, show that no ::uhstantial hnprovements in truck fuel
economy have been achieved sinc~ B9R2.

in the Innnnfacttlring sector, on the othcr hand, theH~ i~ .c,,~ evidence of
a slowdown in efficiency inlproVclnents. As in P~(:·'; ·';,nsportation,
annnufacturing energy intcnsity is strongly dependent Oil changes in sec
tond activity. Energy intensity, adjustcd for structural change, increased at
annual ratcs of 0.30/0 and 2.20/0 during the recession years 1980 and 1982.
But 'in years with strong sectoral growth, energy intensity has fallen very
rapidly. Detwecn 1983 and 1985, for example, energy intensity fell at an
average ratc of 6.20/0 per year-Inore than twice the long-teon average an
nual rate of 2.70/0. These tluctuations are presulnably caused by two factors.
First, decreased capacity utilization during recessions leads to the ineffi
cient use of energy inputs. Second, sectoral growth ° permits investment
in new, relatively efficient technology. The response of rnanufacturing ener
gy intensity to the drop in energy prices in 1986 is difficult to gauge in
the absence of manufacturing energy use data past 1985. As we noted
above, the aggregate energy intensity of the industrial sector, which is
dominated largely by manufacturing, decreased by 2.90/0 between 1985 and
1986 hut rernained ahnost constant between 1986 and 1981. But energy
intensity statistics from the iron and steel, paper and pulp, and chemicals
sectors indicate continuing reductions in energy intensity of 1.1 to 4.' %
per year.

When we assefnble a picture frol" each sector, the results are rather
surprising. Structure-adjusted energy intensity fell by 2.35% per year after
i 983, but only 1.8% before. For prhnary energy intensity, the figures are
2.0% and 1.5%. Significantly, however, intensity fen by only 1.7 and 1.5%
between '985 and 1987. 'rhus the overall impact of energy-efficiency im
provetncnts was nlost rapid between 1983 and 1985, a period of economic
recovery and nat or declining real energy prices.

We have not discussed energy prices in detail in this review. It is worth
noting that between 1913 and 1983. real prices for nalural gas grew at average
rates of 1.4% and 13.1 % per year in the residential and industrial sectors,
respectively, electricity prices grew by 2.3% per year in the residential sector
and 5.7% per year in the industrial sector (5); and regular gasoline prices rose
at an average rate of 8.60/0 pcr year. Between 1983 and 1981, however, all of
these prices declined in real terms. Residential heating oil prices behaved
similarly. That real prices were declining when intensity was faning the most
rapidly seems counterintuitive. Yet we have suggested that time lags in the
systenl, as well as the poor state of the econolny in the early 1980s, retarded
the replacernent of inefficient equipment, and likely slowed investment to
improve existing equiplnenl as wen. The effect of this improvement was
swanlped, however, by the dramatic crash in prices after 1986, although it is
too early to judge the n,orf~ long-tenll effects.
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(3.8% per year); and total energy intensity feU by 6.6% (2.3% per year).
These results generally confirm the approximations used in this section.
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Jln/J/iClllions Use

Are the energy savings ihat have been achieved over the past i 5 years
permanenl'! l'he rapid savings in space healing ~hrough 1983 snay have been
boislercd by shon-acnu sacrifices ihat could wear off with lower prices. Out
Ihe savings lhat accluuuiatcd after i 983 were achieved through tech
nical inlproveluenas ahat are unlikely to be reversed in the near-tenn future.
Savings in electricity use in the service sector also appear to be tech
nologically based, and aherefore nol easily reversible. Savings in personal
vehicles were allnosi lutally uue @O icchnology» not reduced driving distances.
Evcn if new-car fucl cconolny renlains stable at i~s preseni value (27 to 28
nlpg nonlinal, 22 to 23 Hlpg ac&uai), ii stilt lies 200/0 above the on-road fleet
average. The savings in nlanufacturing U1UY represeni only !he ex.eosion of a
lang·terln .rend, and therefore luighl be considcr~d pennanenL

Aa ahe sanle linlC, we ulusl nol overlook ahe hnpiicaiions of lile slowdown
in energy-efficiency iluprovenlcius t whic.;h has appeared prilnarily in those
seclors dorninaietJ by conSUUlers: driving and household energy USC t and
services. Silnilarly, the rapid growth in ahe activity levels of !h~ service anti
passenger lransport sectors Inusl be borne in (uind. As Schipper ea at (42)
suggest J increases in free tirne could drive up energy uses for tiles purposes t

as well as for the privale vehicle travel associated with out-of-holne services.
That is, a conlbination of the slackened inlprovement in efficiency indicated
by the slowdown and continued growth in the volume of key end-uses
structural change--could propel energy uses upward once again.

A return iO growlh could pose signitlcanl policy probJeius in light of
scientific concern over the role of fossil fuel conlbuslion in global cHnlate
change (62). If efficiency improveluenls slow down while structural change
increases energy dcanand further, lhen policy aunkcrs will have 10 work. harder
10 restrain lhe clnissions that result. If increased dClnand lakes up the slack in
world oil rnarkets, the worltfs economics Illay see a repeat of the roller
coaster of lhe 1970s and 1980s. l'echnological progress fostering a return to
ianproved energy efficiency might head uff one or both of lhese possible
dilemnlas. As Carlslnith cl al (I H) and llirsl (49) point out, the technical,
econoluic, and policy opportunities are enonnous. But as Schipper (63)
warned, policies Inay have caused only a SUlilll incrernenl in the total savings
in lhe induslrialized countries lhrough 19H5. Achieving lhe potential savings
documented in the literature through ahe ilnpleluentalion of appr~priate poli
cies will be the challenge of lhe 1990s and beyond.

NOTE ADDED IN PltOOF PreHnlinary analysis of yet unpublished data for
i 988 indicates lhal fuel intensity J adjusted for stnlctural change, fell by 6.0o/v
(2.00/0 per year) bClwccn 1985 and i9BH; clceiricily intensity feU by 10.80/0
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INTRODUCTION

(GNP). BUIlhe use of energy/fiNS> ratios as efficiency indicators is suspcct on
holh Ihcorclic.al and c8npirical grounds. l'he energy/(jNP ratio is detcnnined
not only hy changes in the cllicicncy of energy utilization. but also by
changes in the growlh of energy-using aclivilics relativc to GNP. As a recent
study of the Norwegian econorny shows ( I) the effects of structural change on
cncrgy-outpUI ratios Illay be substantial.

In this study we follow a I"undaullentally different approach. We exanline
Ihe evolution of energy use in each Inajor end-use seclor and relate the
changes thai occurred 10 the effects of three causal factors: (0) changes in the
aggregate level of energy-using aClivities in each scctor~ (b) changes in the
structure or (olnpOSilion of activities: and «.) changes in energy intensities, or
energy use per unit of activity or oUlput. Of Ihese three factors. only energy
intensity (actually its inverse) is conceptually related 10 energy efficiency.
()ur work builds on and extends silnilar analyscs performed by thc Pacific
Northwest Luboralory (PNL) (2) and the US Departlnenl of Energy (DOE)
(3).

Our approach is one of filclorizalion. For each sector we measure changes
in activity, slructure, and intensity and calculatc the change in energy use that
would have occurred in response to each factor if the other two had remained
constant al base-year (1913) values. We then compare the overall activity
change in each sector with Ihe change in GNP. Where fuel switching is
ilnportanl we esliunalc the energy use thul would have occurred in 1987 if fuel
choice shnres of 197] had rCluained constant. Whcre possible, we dis
aggregate energy use by fuel type 10 circulllvcni the difficulties involved in
&he selection or an aggregilte energy index (4).

We then seck 10 lueasure the hnpace of irnprovcd energy efficiency on total
energy use by conlparing energy intensities in 1913 and 1981, noting the
differences. separating oul the effects of fuel substitution wherc possible. and
ehen nlulliplying each difference by the corresponding level of affected
activity in 1987. For cxanlple .. auloluohiles and light trucks in the Unitcd
Stutes required approxilnatcly 6.35 MJ/vehicle-knl in 1913. but only 4.3
MJ/vehicle-kll1 in ·'987. Since Ihese vehicles were driven 2.1 trillion vehicle
kill in 1987 .. efficiency ilnprovclncnts "saved·' 5.5 EJ of fuel. or about two
and one-half ..,illion barrels per day of oil C(luivalcnL l'hese "savings" show
how nUlch Inorc energy would have heen used Iliad intensity nol fanen. While
energy intensities arc not strict indicators of energy efficiency because they
arc delcnnined in part by behavioral and structural factors-the energy inten
sity of sleel Inanufacturc BHay .. for exaunple, declinc either because of iBn
proved process Icchnologics or because of increases in the utilization of scrap
mHclal-cnergy intensities are ohservable while technical efficiency generally
is nol.

We sununarize our findings hy noting how .najor activities grew or con
tracted within each sec(or• and whether U1Cilsures of overall sectoral activity

UKH Connecticut Avenue.

Metholl%gy
Studies or corupitralive energy efficiency oftcn rnake use of aggregate in
dicators such ns the ratio of prhnary energy use 10 Gross National Product

The purpose of chis review is to invcsli~a'e the cvolulion of energy de.nand in
she United States since Ihe carly 1910s with ahc goal of measuring the inlpacts
of inlproved energy efficiency. We eX81uine the changes in final energy
demand that were induced by changes in cncr~y inlensities t which are related
Co efficiency hnprovemcnts: by ch(lnges in the a~gregate activily levels in
each major end-use sector: and by changes in the structure of activity within
each sector. Where possiblc ~ we eX31ninc the changcs in cncrgy-efficiency
trends caused by she drop in world oil prices in Cilriy 1986. finally, we offer a
view on prospects for enhanced energy efficicncy over Ihc long-tenn future.

'The US Govcrnallcnl has Ihc ril!ht In retain a nnncxdusivc. royully-frec license in and 10 any
cupyri!!hC covering this paper.
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sinl:c ItJ7.1. cner~y intensily. tncr!!)' use hends.
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SUI1I1t1ary Fillllillgs

Our principal findings arc (see l'ablc I):
t. Aggregate energy inlcnsities in the residential. services. !uanufacturing.

freight t and passenger transportation sectors. adjusted for clHluges in lhe level
and structure uf SCl:loral activity. feU by a weighted avcrage of 24o/u between
1973 and 19H7. Ac.ljusaed prilnury energy intensities feU by a weighteu
average of 21 {Yv. Since thc lJS encrgy/(lNP rutio feU by 3 LHtyu for d~livcrcd

grew rnorr:. or less lhan GNP. Silnilady. we can index ahe changes in
intensity we observe 10 see which were rapid and which were siow. with an
eye to the changes in 4he energy/GNP ratio. trona this analysis we can ideniify
the rnosl iluportanc causes of change in US energy use since 1973. and hence
likely sources of change-upward or downward-in the future.

In lhis approach we do nol aUemp~ to assign behaviora~ cuuses io energy
savings. l'hus while we refer iO changes in prices and incolnes lhal doubtless
had funduluenlal ilupacls on the evolulion of structure J energy iniensily. and
fuel choice. we ieavc a funHa! areaUnenl of the irnpacl of Ihese faciors for
anolher study. OUI \ve do identify ihe physicill cOlnponents of energy saving,
such as greiller load factors in air iravel, or a shift to slightly slnaUer
au(onlobilcs. And where possible we uUeanpt to distinguish between change
thai is reversible iuul change lhat is essentially penniulent.

We focus on five energy use sectors-passenger transror~. freiglu transport.
households. the service sector, and Inanufacturing-lhal together account for
approxilnalcly SOt}'" of enli-use energy as ineasured by the Department of
Energy (Figure I) (5). Our liaue frarne is 1913 to 1987. although we have
studied ananufaciuring energy use back ao 195K t residential energy use as far
back as 1960. and transportution energy delnand lnl<:k to 1970. 'I'he approach
requires a reasonably accurale disaggregation of 1he residential and service
seclors. We disaggregate rnanufacluring energy use from ihul of other in
dustry. including the auining. agriculture, und conslrucaion seclors, about
which liule is known in spiRc of the fact thai they used SOUle 5.3 EJ of energy
in 1985. Unforlunately. the last year for which the nl~lnufacluring sector data
are disaggregated is 1985. We use a bOUOlll-Up disaggregation of energy use
and activity for passenger lravel. onliUing travel by school bus. But we do
eSlinlate ahc inlporlanl ilnpact of light trucks on (otal passenger travel. For
freight. we have cslinlated the haulage by lighl lfucks but ignored natural gas
use in pipelines (ilboUl 0.1 EJ in 1987) because there is no Hleasurc of "atural
gas luovcnlcnis. In aU we estimate lhat the nlllUY uncertainties in energy
deinand and uClivity 'evels are sUlaUcr lhun thc Inost ilnportant clulngcs ahal
have occurred since &973. llence we believe our conclusions arc robust
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energy and 26.3% for primary energy over this period, this analysis suggests
that about three-quarters of the decline in the energy/GNP ratio was induced
by reduced energy intensity, while the renlainder was caused by structural
change and interfuel substitution.

2. Actual energy use for ahe five sectors sUlVeyed in detail was 51.4 EJ in
i 981, or 10.7 EJ including electricity generation and transmission losses.
Taking into account changes in the level and structure of energy-using
activities, lhe efficiency ilnproveluents described above translate into savings
of 16.5 EJ of delivered energy or 19.7 EJ of prinlary energy..

3. The largest reductions in energy intensities occurred for automobile and
air travel, hOUle heating, and fuel use in the Inanufacturing and service
sectors. l'he energy intensity of truck freight, in contrast, actually increased.
A decline in load factors and a rise in the importance of light trucks for
personal transportatiog together liluited the decline in the systelu intensity of
private vehicles to only 150/0.

.. 4~ rfhe decline in fuel intensity for "lost fuel-using processes, together with
lhe increase in the nUlnber of electricity-using processes, caused the share of
delivered· energy 4lS electricity 10 increase from 11.2% to more than 160/0.
!)ircct substihuion of electricily for fuel in space and waler heating or cooking
had only n luinnr effect on Ihis overall shift.

5. Changes in aggregate sectoral activity levels boosted delivered and
prinlary energy use by 350/0. nut the activity levels of the freight, passenger

Figure 1 Delivered energy use by end-usc sec.or. The residual calcgory accounls for Ihe
difference between lotal dc;livered energy and the cnd-uses covered in Ihis analysis.

Consi,!eret!SeClors. Tilne Fralne~ antl
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Tahle m impaccs of changing adivity levels, sectond structure, and slruc@urc·mJjusted energy intensity
on sectoral energy use, 197J - ~ 981

!II Weights are shaft·~ energy use
"Real ONP im:reascd hi 40% over che period
t'lnciudes the imracl of changes in load faclors
~ energy/GNP ratio fell by J2% in terms of delivered enerl!Y and 26% in leons of primary energy

Definition/description of factors Oelivered energy IJrinlary energy

hnpact on scciond energy usc
between 6913 and ~981

Total transportation energy use consists of four cOlnponents: energy use for
passenger transport, freight, naturul gas pipelines, and a nliscellaneous cate- .
gory that includes off-road equipluent, private boats, luilitary activities, and a
nuenber of other residual iaelus (6, 7). 2 This section focuses on the first two
components, which rose frorll 17.5 EJ in 1973 to 20.3 EJ in 19873 with
tetllpOrury decreases observed following the oil shocks in 1973 and 1979
caused by declines in transportation activity.

Using data froln Oak Ridge National Laboratory (ORNL), we describe the
structure of each subsector by noting the contribution of each Inode, Ineasured
hy passenger-kin or freight lonne-km, to (olal subsectoral activity. We obtain
fuel use data froln the sanlC source. We Ineasure vehicle fuel utilization
intensity (VI) in MJ/kun for cars and trucks and in MJ/air-km for aircraft.
COfnplenlcnting these fuel utilization indicators are ,noclat el,ergy ililells;t;es

(MI), ineasured in MJ/passenger-ktn and MJ/tonne-klu for passengers and
freight, respectively. Estimates of both VI and MI are available; we use VI to
describe technological changes that reduce the fuel use of individual modes
and MI to coruparc Inodcs. Note that the changes in VI and MI are often quite

transportation, and residential sectors lagged behind the 40% growth in GNP
while the proportion of GNP generttled in ihc Inanufacturing sector retnained
relatively conslanl. Only service sector output grew Inore -rapidly than GNP.

6. Structural change reduced Inanufacturing energy use but increased ener
gy US~ in the residential, freight, and passcnger transportation sectors because
the Inix of ilclivities becalne more energy intensive. Overall, structural change
within sectors increased US energy delivered use by only I % and increased
prhnary energy use by 5%.

1. 'fhe recent slowdown in the inlprovenlent of {..IS energy efficiency has
Inanifested itself in ahnost every sector, with the possible exception of
nlanufacturing. "'his slowdown represents a "larket plateau, not the con
frontation with IhennOdYnalnic or technological Blnits. Pu~lic policies could
restore sOlue of the intcrest in raising the efficiency of energy use.

lOur data lollow Ross and the Oak Ridge Data Dook, with one intp.u1Jf't dssumption:
We estimate that light trucks provided 1% of passenger travel in private vehicles in 1970, rising to
22% in 1981. We assu,nc thatUght trucks used as passenger vehicles are driven the sante distance
hut with 10% higher load factors as automobiles. Data IrOf" Ihe two Nationwide Personal
Transportatiun Surveys "that covered light trucks (1971, 1983) bear out this arproxinlation. Our
esthna',r pt ~~,;-h! truck fuel econonlY, however, is taken from vahn:s for all light trucks. Note that
Ross uses ,,·ji~dtkln as a ntensure of activity fur autos/light tnlcks (anti for truck freight), and
gets somewhat different results hecause the volulne or vehicle·"r" grew more than that or
passenger or tonne-knl in these nlodes.

Jl11ese figures represent 89% and 90% of sectoral energy use in the respective years.

TRANSPO({TATION SECTOI~

-29% -18%

-24% -21%

+13% +13%
+21% +21%
-21% -13%
-3% +13%
+5% +25%
-2% +6%

+31% +37%
+28% -1-28%
+43% +430/0
+i5% +~5']t,

+50% +50%
+35% +35%

+5% +5%
+4% +47('

-m1% -~6%

+26% +34%

-~% +6%

+i% +5%

-20% -200/0
-5% -5%

-31% -26%

-24% -21%

nladal energy inlensiliesc

modal energy intensiliesc

induslry-by-industry energy in-
lensities

useful space heal energy per unit
of home area, electricity per
appliance, useful energy per
capita for cooking and hoi
waleI'

energy use per unit or conl
merdal floor arca

"10031 mix'
modal snix
induslry-by-industry value-added

shares
household floor area and appli

ance
ownership per capita

commercial noor area per unit or
value-added, heating fuel
switching

passenger·icmJ)'r
lonne·Junfyr
manufacturing value-added
population
service sector value-added

Weighted averageS
Energy intensity

Passenger transportation
Freight
Manufacturing

Weighted average ll
•
d

Actual energy use

Passenger transportation
Freight
Manufacturing
Residential
Services
Weighted S'ter~p"""

Residential

Services

Residential

Aclivily

Passenger transportation
Freight
Manufacturing
Residential
Services
Weighted averages,b

Structure

Passenger transportation
freight
Manufacturing

Services

Indicator/sector



iMPACTS ()f UviPR()VE[) EFfICiENCY 461 462 SCIUPPEI~ ET AL

.. Air

.. 011 Pipeline

.. Water

o Rail
_ Truck

19851982197919761973
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cual-~hlrry shippeJ !s alsu unavailable.
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Figure J Freigh! activily by anode.

ownership of personal vehicles. The total nUfuber of automobiles and light
trucks operated for personal use rose from less ahan 90 million in 1913 (0.41
per capita) to around 120 minion in 1987 (0.60 per capita). or more lhan one
vehicle for every person with a driver's license. But while the number of cars
and personallighl trucks has grown steadily. the distance travelled per car per
year has been rcnl,arkably stable. even as fuel prices varied by more than a
faclor of two (6). 'I'his increased vehicle ownership. and Iheref9re greater
driving per Capili.l. not incrcased driving per vehicle. pushed lotalland travel
upwarus over liDle. AU Ihe increased ground travel has been carried by these
vehicles, resulling in a loss of share for bus and rail nlodes. Because load
factors in cars and light trucks declined from slighdy more than 2 in 1913 10

nround 1.7 in 1981, ahe growth in passenger-km (1.8o/u/yr) in Ihis mode did
noc keep pace wilh lhal of vehicle-kul, 3.00/o/yr.

'I'he h)tal volunle of freight (excluding shipnlents of nalural gas") measured
in aonne-kln, grew at a~ annual rale of l.80/0 frOID 1973 ao 1987. Like «ravel,
freight grew less rapidly lhan GNP. The level of lonne-km by mode (exclud
ing gas in pipelines) nUc(ualed over time (Figure 3). The share of trucks
incrclls.ed slightly, and within trucking, lhe share of lighter. shon haularucks
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The aOlai vohunc of passenger @filvel increased 2. 2o/Q per year belween
1913 and 19M7, slighlly AllUre rapidly lhan Illipuhuiou. blU slower than GNP.
l)uring this liulC the shilfe of air inen:ascd fronl 6.5% io nearly 130/0
of (olallraveL ,,' lhe expense of au~oanobiles and lighi arucks (Figure 2). 'fhe
share of bus and f4lil aU:iiviay t which is ~uw by inh:rnu«ional slafuJards, feU
frunl 2.4~1 of irilvcl in 1913 @o L9(~, in 19M7. 'rhus the shif@ Croln
aUIOlllobile ao air \V"S ihe snajor siruciura~ change occurring in ahis sector. if
only the anix uf IHuticS had changed bClwcen 1973 and 1981 t trave~-relaled

energy use would have increased by 5.3o/Cl.
'fhe SU1UU share of rail nuti bus Inass aransil deserves conunent. In some

fuelropolilan areas luass 'ransi; carries as nuu:h as one-half of aU irips to
work. bus private vehicles uOluinale aU olher IraveL l'hc long-term decline of
ahe share of transil was reversed luonlenlarily ufler lhe oil supply interruptions
of 197) and At.J79, but has continued unabUled since 1982. 'fhe fael Ihal "laSS

transit did nol gain Inarkel share for any Icngah of ~irue while gasoline prices
were high suggests ahal high energy cosiS alone were nOI sufficicnl 10 revive
Inass aransia.

Related 10 Ihc decline in Ihc usc of Ul4lSS iransli has been ihc increase in

differenm because of in luilizuaion. l'hcsc differences can lead ~o

differences au !hc nu~asurClnCeU of energy saved bv as IHuch as 2jO/v.
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increased as wen. ~ f @he ~nix of ~noucs had changes between ~ 973 and
1981 t freight-related energy dcnlcuuJ (excluding nalun,1 gas) would have
increased by 3.60/0.

Although the rnoda~ ~nixcs for ho~h passenger and inulsporlalion
shifted towards anodes wHII higher inoda~ energy inlcnsi@y, ihe vohan,lc of
aclivHy tor each grew iess shan GNP. On balance~ !hese chculges
reduced transportal ion energy use relative 10

Intensity anti Efficiency
Key energy-using vehicles became less energy-intensive during the 1970s and
1980s. The VI of 8ulornobiles feU by 33% to 4.3 MJ/vehic~e-klnor 19.1 MPO
between 1973 and 1987. Light Knick VI, which is higher than that of auto
mobiles, fell less t by 19% to 5.9 MJ/vehicle-kan. Ilut the share of light trucks
used as passenger vehicles increased to over 20% of the private passenger
vehicle slock. When figures ror chese two vehicle types are cOlubined, the
result is only a 280/0 decline in the VI of private vehicles. 'fhe VI for air travel
decreased by 22.7% between 1973 and 1987, to 305 MJ/kiU (7). Additionally,
energy use per seat-km fell by luore than 400/0 because the number of seals per
aircraft increased fronl 11 i in 1970 to 161 in 1987. l~echnologicany, lhen, VI
fell significanlly for nlajor modes.

Utilization patterns had different impacts on these Inodes. load factors for
automobiles and light trucks fell frolu approxinlately 2.0 occupants per
vehicle in 1973 to 1.7 in 1987 (8). 5 As a result, the MI or private vehicle
travel increased through 1979, and only feU 15% overall between 1913 and
1987. Load factors for transit buses feU, increasing energy intensity, but load
factors for AMTRAK increased, causing the energy intensity of intercity r(iil
travel to fall. Load factors for air travel increased significantly, fron) 54% of
available seats filled in 19731062% in 1987. l'his change g cotnbined with the
introduction of more efficient aircraft, caused the MI of air travel to faU by
almost 50% between 1913 and 1981. Overall, the MI of passenger travel
declined by 18% fron13.21 MJ/pass-km in 1973 to 2.69 MJ/pass-km in 1987.
The decline in individual intensities alone caused a 20% decline in this
intensity.

The fuel economy of autonlobiles hnproved signiricantly. As a review by
Ross (6) shows. most of this improvenlent canle about through improvements
in the economy and performance of new cars of a given interior volulne;
udownsizing" of the neet had only a minor ilnpact on fuel econolny. Further
more, Ross shows Ihat engine power per engine size increased. In other
words, the performance of new cars sold in the United States ilnproved, but

'Automobile load factors are estimated by ORNl from the Nationwide Personal Transporta
lion Surveys 0969, 1911, 1983). light tRIcks were included in 1971 and 1983. We have
assumed that load faclors and driving distances are approximalely the same fur bolh vehicle
types.

VI feU. US I~nvironnlcn(ul Protection Agency (EPA) tests indicate that the
sales-weightcd fuel cconolny of new autolllohiles increased to 28.5 Iniles per
gallon (Inpg) (8.3 liters per 100 kin) in 1988. "'he cOiubincd new car/light
aruck avcrnge Buoved fro111 15.3 Inpg in 1975 to 25.8 l11pg (9.2 liters per 100

in 1988.
'T'wo factors prevented these dralualic ifnprovelnents fronl fully affecting

actual on-road fuel econolny. Ross gives the test l11pg of light trucks as 21 in
1988, down slightly frOUl 1987, while that of autonlobiles rose (0 more than
28. 'rhe increased ilnportance of light tnlcks with lower fuel economy than
iha. of autonl0biles has thus restrained the improvernent in overall new
personal vehicle fuel cconolny. Second, the actual EPA tests do not represent
rcal fuel econolny, sonlething wen known for fnany years. This is because
driving in the city is not well simulated in the EPA tests. Moreover, the
distortion Illay have increased over recent years (9). The share of driving in
cities has increased (DOE calls this the urural-urban shiff'), and the conges
tion in cities, which depresses fuel econonlY, has worsened. Thus test Inpg
may diverge as Inuch as 22% froln real Inpg today as compared 10 the 15%
bias of the 1970s. 'rhis distortion applies to light trucks as well as cars.

The dralnatic ianprovement in air fuel economy was documented by Gately
(10). New aircraft require significantly less energy per seat-tnile than do older
ones, both because of inlproved engines and aerodynanlic characteristics (Le.
technology) and because anost newer aircraft of a given type have more seats
(i.e. structure). For example, a Boeing 767 yields more than 60 seat-miles per
gallon, while a 101 of the original, pre-1960 vintage, gives less than 40. The
nUlnber or seats on many older aircraft has been increased. In some cases, the
engines on existing planes were upgraded, often in response (0 noise reduc
tion regulations. As a result of these changes, seat-miles per gallon increased
for alln051 every type of aircrart;lypically froln 30 to 40 for narrow-bodied
planes (707s, 727s, and 1375) and fronl 40 to ahnost 60 for the wide-bodied
rnodels (747s, DelOs, and LIOlls).

Changes in operations practices had an impact on fuei econolny, too. As
noted above, the average load factor increased (1). Stage length, or the
distance nown per night, increased by 230/0 froln 742 knl in 1978 to 917 knl in
1988 (II). 'fhis change increased fuel econonlY, because planes spend a
greater part of their night actually cnlising as stage length increases. Average
speed should then increase, for the sanle reason. Yet average speed, as
estinlated by the US Federal Aviation Adnlinistration (FAA), \vas about the
same in 1918 as in i988. That average speed did not increase suggests that
congestion around airports slows aircraft, increasing fuel consulnption per trip
as planes circle or take other nleasures near cities. It appears therefore that
these (,vo operational factors offset each other.

l'he story for freight was different than that for passenger travel. Ship and
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figll"t! 4 Passenger aransponation delivered ener@y usc. Evolution of aClua. and hypothetical
lransportation energy use "ur Iravel. Each "enecf" is computed by having only nlooal intensity.
activity. or strut'IUre (nuM.!alsuix) follow iiS actual path while holll,n, tbe other awo components

conslanl al 1913 levels.

25% less lhan that of ahe existing vehicle stock. ensuring technological
decreases in fuel needs that are irreversible for the next several years. Bur
whereas lhe load factors of aircraft increased in the 1910s and early 1980s.
lowering MI even more t utilization of both automobiles and trucks worsened.
in the taller case enough (0 cause an increase in MI. And preliminary data
suggest that lhe au(oluobiles and light trucks purchased in &989 will be more
fuel intensive ahan ahose purchused in J988. The VI of other trucks Slopped
declining in i 9H2. Moreover t prelinlinary operating data from 1988 suggest
that fuel u~e per passenger-kin for conuuercial aviation in 1988 was no lower
lhan in 1981. And ilverage specu was hcallcd downward. suggesting more
congestion llt airpolls. l'hus the rale of ianprovcanenl in actual fuel economy in
Bnajor lrnnsponulion anodes is clearly slowing down. While all three modes
show prornise for further ianprovelnents in lechnoiogic~l efficiency, these
ilnpr~vclncnls have been slowell by lower fuel prices and other factors.
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raH freight huensilies each declined by about 300/0. Out truck freight intensit
ies increased slightly 60/0, frolu 2.96 MJ/lonne-krn in i 913 to 3. i 4
MJ/lonne-kan in i 9~1. h Ahered utilization paUeols appear to be lhe reason for
the increase in iJuensiiy, as well as a gnuJuai incre;.~se in the inlportance of
light trucks with low loads. Overall. she change in intensity of aU rnodes alone
through 1987 \voulJ have decreased freigha energy use by 4.50/0, but struclural
changes tOWitnJs greater aruck freight offset ~his decrease by 3.60/0.

According to stalistics cited by ORNl (1), the Vi of light trucks, measured
in tvtJ/klu. feU by !9o/Q between A913 and 19H1. ·The VI of other single unii
lrucks feU by 5(MJ hCi\vccn l~7) iuu.1 19~2 but has since increased over tinlc.
Anti the Vi uf cUluhiuilaiun trailer/trucks feU by about 5% over Ihe entire
period. When the entire stock is weighted using the l'ruck Inventory and Use
Surveys of 1977 and 1982 (12). VI drops approxhuately lOtFo. Because these
changes are so slnaU, changes in ihe utilization and Inix of trucks affecled
freight Mi Inure ahan changes in the fuel econofllY of individual classes of
lrucks. The slnaU iauproveluent in fuel econorny was anore than offsel by ahe
other changes in utihzation patterns thal increased ahe energy intensity of
freight haulage. in spite of ahe uncertainties, ahis finding suggests research is
needed ao ilnprove lhe overall energy perfonnance of tfucking.

Conclusions: Energy Efficiency in Tr{lJi~1Jortalion

Be(ween 1973 and 1987 t lhe conlponenls of iransportation energy demand
changed significantly, as Figures 4 and 5 show. Overall, transportation
energy use declined relative to GNP. rrhe most ilnportant single conlponenl in
ihis decline was the reduction in the energy intensity of passenger travel. l'he
vehicle efficiency of lhe Ihrce nlajor transportation anodes has irnproved since
1973. Fleets of personal vehicles, aircraft. and trucks were 28 t 40, and 100/0
less energy inlensive in 1987 than they were in 1973. 'rhis change alone saved
nlore than 7 EJ/yr of energy by 1981. Lower load factors in personal vehicles
increased energy use by 1.4 EJ. and lower load factors nod shifts to more local
freight lcafrie increased energy usc for freighl by nlore lhan 0.6 EJ. Allhaugh
our figures arc nol slril:lIy cornbinable in a linear WilY, ihe suvings iluplied by

ihcse three changes "rc consistenl with the 4 EJ thaI PNL and I)OE cSlinlatc\i
were saved between 1972 and 19K6.

In 1989 the VI of new personal vehicles and aircraft was approx:ilualcly

bUnfonunatdy lhere arc no cOlnplele dala for US freighl haulage, onl)' eSlinlates of iutcn:ily
'onn~-~nl ami encrgy usc. Fa'eighl carrieu by light Iruc~s was eSlllualet.! by assuauing they carry
Aoo kg fur the vehide ..ailes nut assiguell tu IlCrsumal light trucks. Intracily freight canieJ hy
heavy trucks was cstiul..ded "nun thc diffcrence bclween vchidc-Iuilcs of heavy trucks in inlen.:it)'
uave:! and in aU Iravel , ulUhipli~&J by 2.5 AUlto represent a loaaJ. Ov~r a wide range 01' asSUnal)liuus
for these values there SCl.:lns no questiun lhal the tulal energy used by trucks inc.:reasell faster than
the 10lal voluuae of freight.

ourrLOOK

Aulonlobilc transport is the single Inost ianporaant energy-using aelivily in the
US cconoluy. 'Thus changes in Ihe fuel cconolny of cars will be inlponant &0



mMPAcrs OF ~MPI~()VED Err~Cn~NCY 461 468 SCUIPrEI~ ET At

--_. -. ---------- 200
Index (1973-100)

200

150 ~:.,_. ". 1150

5 t-, .: I ~ /-' ,I 5 - Actual Energy Use '. '. '" .;.' \. . Real Fuel Price

Varying ~ntensUy '. _~ __ -4- Real Fuel Cost/km
100 . 'J -, 100

Varying Volume ~ ..~'" - On-Road I/km'" '

.. -1- Varying Structure ''---..--.--.~ ...._ ~ .- New Vehicle I/km

50 I ---- -~.-I 50

3 t-----r-r-t-, ii, , I r-r-i----r-r-t-r--t 3

1970 1973 1976 1979 1982 1985
o +-----,------..----,----,------,----1- 0

1973 1976 1979 1982 1985 1988
Figllre 5 Freight transportation delivered energy use, Evolution of actual and hypolheiica~

energy use for freight transpot1ation, Each lierrect', is conlputed by having only irtiensity,
aclivity, or structure (n,O«.Ial mix) follow its actual path while holding the ocher two cOlnponenls
constant al 1913 levels.

f'igffre 6 Personal vehicle fuel ecnnon,y. Evolution of new-car and on-road neel mpg and prices
in the Uniled Stales. Prices are taken from MOIIII,,)' Energ.v Rt',';ew. The on-road vehicle fuel
cconolny figures are calculated in this !;Iudy by sununing values for cars and personallighl 'rucks.
The new vehicle figures include all light trucks sold, Sources: ORNL, ACEEE, LDL-IES

the nation's energy future. Not surprisingly, Ihere is concern over the recent
nauening or the fuel intensity of personal vehicles. figure 6 shows key
features of this plateau. Indexed to real (or estimated) 1913 values are actual
neel and test new vehicle fuel intensity (including that of light trucks) as
calculated by Ross (6), the real gasoline price, the real cosUkal1 of using
gasoline, i.e. (he price index times (he fuel utilization index. The sudden
decline in price (and cost) in 1986 is clear, as is the slow drop of equal
magnitude between 1982 and 1986. Not surprisingly, the decline in fuel
intensity slowed after 1982 and "lay have reversed in 1989. Indeed, tile fuel
economy of cars imported into the United Stales peaked in 1983. 1·lave auto
manufacturers exhausted ways of ilnproving fuel econonly?

The literature is replete with reviews of the potential for further iln
provements in fuel econolny (6, 13-17). These references an point to a large
number of prototype cars that use less than 50% as rnuch fuel per seat-kin as
today's average new car, and hence less than 33% of the present fuel per km.
In conversations with major autoillobile producers worldwide (including
BMW, Volkswagen, Volvo, Peugeot, and General Motors), however, we
found thai the outlook for slable oil prices has all but erased fuel economy as a
major concern for auto nlanufacturers. Silnilarly, Ihe lull in gasoline prices
has penniUed, if not encouraged, Americans, Japanese, and Europeans to

Inanufacture and buy more po\verful and often larger cars in recent years.
Thus the plateau (and apparent reversal) in the weighted improvement In fuel
econolny are as nlucll a result of consumer indifference as or manufacturer
disinterest. As Ross (6) shows, total driving cosls are relatively insensitive to
fuel costs. This was particularly true in 1988, when the real gasoline cost of
driving one kin in the United Siaies and auany European countries was the
lowest in decades.

I)i figlio et 01 (17) catalogue technologies that would inlprove test new-car
fuel cconolny to nearly 40 ,upg with no loss in alnenity. Using a 70/0 real
discount r(lle and 311lortizing the increased costs over 10 years, Carlsnlith et al
(18) found that hnprovClllcnts 10 38.5 nlpg would be cost effective at a
gasoline price of $1.43/gallon in 2000. But rates ate no'
for consluners' purchases of energy-using goods, ns Rudenllann et al showed
for appliances (19). Greene (20) rinds that both the Corporate Average Fuel
Econolny (CAFE) standards and 10 sonIc extent higher fuel prices caused the
decline in fuel intensity after 1975, stilnulating both consulners and producers
to focus on fuel econonlY. Out with standards frozen today II there is no
pressure froln this powerful slinlulus. Moreover, with fuel prices and costs
as low as Ihey were in 1989, it would be difficult to believe that fuel inten-



IMPACTS ()F IMP!{()VEi) EFFICIENCY 469 470 SCHIPPER Err AL

Figllre 7 Manufacturing energy use by fuel lypc.

-J"SIC" is an aCl"uny.u fur the US St.mdartJ Indusuhal Classification systelu.
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The US manufacturing seclor, which consists of a range of industry groups
involved in the lransforrnation of raw materials and inlernlediate goods into
finished products, used 14.] EJ of energy for the provision of heat and power
in 1985 (Figure 7). While an addilional 4.1 EJ of energy products were used
by the seClor as feedstocks in the production of asphalt. organic chenlicals»
and oiher goods» lhese products were excluded from our analysis on ahe
grounds Ihal ahey should properly be counted as nlalerial rather than energy
inputs.

We gathered data on the energy use and economic activity of six energy
iniensi've luanufacturing industry groups-paper and pulp (SIC1 26); in
dustrial chcluicals (SIC 28 excluding 28]-285); stone, clay. and glass (SiC
32); iron and steei (SICs )) It )]2, and 339); nonferrous metals (SICs

.333-336); petroleum refining (SIC 291)-and a residual category (Uother")
Ihai encolllilusses the range of non-energy-intensive manufacturing activities.

Unfortuniltely, the available statistics on iuanufacluring energy use are less
allan adcquille in a nuanbcr of respecls. Ahhough the Census Bureau (21, 22)
puhlis~led data 00 nlanufacluring energy use for the years 1954» 1958, 1962,
i Y61. • '1911, and 1974-19K I, this series was discontinued in anore recent years
as ahe federal govcrnluent cut back. its efforts to galher and publish energy
data. Moreover, the Census (hllU account only for inputs of purchased fuels

15

20

sity would continue io decllne rapiuly J although technological irnprovements
could certainly pace with increases in hllcrior roorn anti power. The
high-nlpg prototypes ulay never be conuucrciaH1.cu, although hnpoftanl COIH

ponents !eslcd in dlCSC nUlue!s sHay appear soon in ordinary aUfonlobilcs.
Slandards of sonlC klud, coulbincd whh higher fuel prices, possibly lhrough
laxes II appear necessnry cOlnponen~s of any designed (0 gel bolh
producers and buyers to focus on fuel econorny in the near future.

l'he fuei econoluy of trucks should no' be overlooked. Beuer engines,
better aerodyou.uic designs, and, in SOUle slates, pennission iO pun two
lrailers, aU could contribute &0 lower VI. BUl the iruck freight systeul itself
has evolved lowards ilauore energy-hlicnsive luix of shori haul sHades and
sanaller lrucks, f.lS a resuh or shins in ahe kinds of products being shipped and
lhe puuerns of shipping. And traffic congestion increases iruck fuel use.
While the inlensilies uf other freight suodes have dccHncd since 1973. these
anodes have phlyed u declining role vis-a-vis trucks, whose fuel use dOluinates
the subsector. As a result, the probability that the energy anlensiay of freight
hauling will fall over the short lenn fulure is slian.

l'he chird Inosl ilnpol1unl subsecaor of transportaaion is air lravei. Accord
ing to experts al Boeing (1). Wallace, privale conulUUlication). three impor
lanl factors will affect fulure passenger aia-cruh fuel econoluy. Gradual
ilnprovelllcnts in coiltrol lechnologies win reduce energy requirernenlS
soolewhat; breaklhroughs in luaterials technologies ihat pernlit engines to
operate at higher lenlperatures could boost engine perfonnance significantly;
belief scheduling and conlrolling wiH reduce losses at and around airports.
Each of Ihese changes could reduce fuel intensity by 5-100/0. More dramati
cally, adoption of lhe by-pass fan engine would reduce fuei inaensity by 300/0
or more. BUI both Boeing and Mcl)onneU-Douglas have put off developrnent
of this engine indefinilely. l'he cosl of new devclop!UeniS, expressed as an
increnlenlal cupiaal cost for new aircraft, is too high relative to the cost of
fueL I-Ience expectations are for only gradual ilnprovemenls through bettcr '
flying controls.

Just as for autoillobilcs, aircraft energy intensity also depends on systclu
perfonnance. Passengers per night increased aU through the 1910s ;.uuJ 19HOs,
but recently airlines have found il profitable to inserl business class seals in
place of cconorny, reducing the tOlal scating/aircnln ;'lvailable. Congestion at
and around airpofls as another factor arfcl:ling encrgy intcnsity. And siage
lenglh also has a fundulnenlal inlpact on fuel usc. Neverthelcss, virtually
every new airplane entering the US (and world) Hect is luorc cfficicnt than the
present fleet itself. 'rhls efnciency gain is grealcr than ahe potential offseuang
effects of slighl declines in scaling capacity or luad faclof. 'rhus the principal
uncertainty uver future aircraft fuel pcrronuance is ahat of the rale of decline
of fuel inlcnsily.
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and electricity 'I and cxc~ude 5c~l'-flroduccd fuels such ilS ihc still g.'s used in
petroleum refining and Ihc wood was~e used in the paper and pulp sector that
together account for soniC 29% of sec(ora~ energy usc. More recenlly', ~he

Energy Infornlalion Adlninis~ralion (ERA) carried oui a survey on nuulufaciur
ing energy usc (23) that bolh provided data for the 1985 calendar year inul
rncasured ahe use of nnnpurchascd fuels. BUI while EIA plans to rereat this
survey at Ihrce-year incervals, no cOluprchcnsivc ualn on nuulufacturing
energy use are available pasl 1985.

The manufacturing energy da@n used in ahis report were @aken frorn the US
National Energy Accounts (NEAl (24)~ which usc a variety of govcnuncnt
and nongovcrnlne~t statistics-including Ihe l~cnsus and EIA data-it) pro
vide a consistent series of annual energy use della for the years 1958 10 1985.
These dala account for the tolal use of fuels and electricity for heat and power
and distinguish bCI\veen oil. natural gas, coal, wood, and cleciricily consulnp
lion.

The nleasurClnenl of Inal1ufacluring accivily involves both conceptual and
practical difficulties. While the real value-added statistics published by the
Comlnerce Departlnenl (25) are often used in the analysis of Irends in
industrial production 9 these data are esiilnaletl 3S the algebraic difference
between dollar values of outputs and inlernlediale inputs in each year, evalu
ated at base-year prices. Consequenlly t trends in COlumerce Department rea~

value-added depend not only on OUlput Irends per se bUl also on changes in the
efficiency with which inputs are used 10 produce output Value-added win
increase, for example. if production remains conslant but technological im
provement leads 10 reduced input re(luirelnenls per unit of output.

To circutnvenl this difficuhy, the Industrial Production Indices published
by the Federal Reserve Board (fl{8) (26, 27) were used to measure man
ufacturing activity for Ihe purposes of this study. These slatistics Ineasurc the
physical production of each product class weighted by its contribution to
sectoral value added in the base year «1917). The result is a series of real
value-added tlnla lhat in principle account strictly for changes in physical
production.K

The energy inicnsily of each industry group is thus defined as energy use
per unit of FRn industrial production, lueasured in energy per unit of value
added. Our analysis investigates the impacts of changes in the level of sectoral
output, changes in the structure or composition of this output belween in
dustry groups, and changes in industry-by-industry energy intensity on 'the
evolution or manufacturing energy use.

"Unfortunately. physical production is n08 readily defined in certain industry ~roups. As a
result. the fRO makes limited use of data on inputs-including. in some cases. electricity
consulnption-as su"o~aleS for oUIpul. While Ihis praclice ()bviou~ly compromises the qualilY of
the dala to some extent. the application or this technique is limited to a small number of industry
~roups.

7"he ..~f"lIcIU,.e (~r the M(lIu~f(lcturillg Sector
!

The Inanufacturing seclor consists or a large nUIHher of diverse industry
groups Ihat clnploy an even hroader range of process technologies to lrans
foren raw ulcllerials into finished goods and services. "rhis inherent complexity
irnposcs certain Iilnilations on energy analyses thut do not generally hold for
other end-usc sectors. In the residential tlnd trnnspnrt sectors, for example, i@

is; possihle 10 relate energy use 10 specific technologies and 10 Ineasure
efficiency changes explicitly over litne. In the Inanuracturing sector, on the
other hand, one Inusl either carry out detailed technological analyses of
particular processes or facilities or else focus on Ihe annlysis of relatively
aggregaled dain.

l'he analysis is greatly sinlplificd, however, by the fact that manufacturing
energy usc is largely dOlninaled by sectors involved in the processing of raw
IHnlcrials. l'he energy-intensive industry groups described above, although
«hey account for only ISo/(l of Inanufacturing value-added (Figure 8), are
responsihle for 56o/(l of sectoral eleclricity use and 74% of lotal energy use
(Figure 9). Accordingly. shifts in Ihe product Inix between the various
energy-intensive industries or between raw nlalerials and light manufacturing
luay have significant hupacts on sectoral energy usc.

·1'0 gauge the hnracts or structural change on auanufacturing energy use we
calculated the evolution in energy use broken down by fuel type that would
have occurred if the total output level and the energy intensities of each
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ManufacturinR Ellerg)' Intensity, 1985-/987

As notcd ilhovc, the Inosl recent year for \vhich cOlnprehensive dara on
Inanufacluring energy use tlre available is 1985. II is therefore nol feasible 10

riR""" II M:mufacltuing cncr~y usc. Iml'ClclS uf inlensily l·hangcs. This shows Ihe hypothetical
cvolulion u,- ener~y usc in nmntll ..clurin~ if aclivity and v:lluc-atltlcd shares or the subsectors
(slnlclufC) hml rcmaincd constant al It)7.1 levels Clnd only intcnsilies had lollowcd their actual
palhs.
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fell. Should not higher energy prices have pushed producers 10 develop and
itllplclllcnl energy-saving technologies tl1,1t were nol cosl-effective al the low
energy prices of the 1960s'!

·rhe following line or reasoning Inay explain this observed disparity be·
twecn expectation ilnd realization. Energy accounts for only a small fraction
of lolal input costs in all but the 1110s1 energy-inlensive industries, so research
and developlHcnl prognuns generally focus Inore on capital and labor pro
uuclivicy and product quality than on energy saving. nul technologies that
produce capilal and labor savings generally save energy as well, so thai the
energy erficiency of new nlanufacturing technologies irnproves over lime,
even at low energy prices. 'rhe energy price increnses of the 19705 preSUlll
ably Icd pruducers lu invest in focused energy-saving technologies. 8uI the
annual rate or Inanufacluring output growth shl\ved I'ro,n 5.40/0 between 1958
and 1973 10 2.5CJ(l betwecn 1973 and 1985. Ilence \vhile new technologies
Inay have been designed with rnore allcnlion to energy cosls, investments in
new lechnology slowed along with output growlh. On balance, then, the rate
or cnergy.;cfnciency .irnprovc'llenl rCluained Inore or less constant.
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Intensity anll Efficiency
Changes in energy intensity, or energy per unil of value added in a panicuij~r

industry, will renecl changing efficiency perfectly only if there is no change
in the mix of products produced \vi.hi" .hai induslry. OUf prelilninary analysis
of Ihe ratio or ahe physictd prod~clion of energy-in€ensive raw nUltcrials ao
real value-added in Ihe industry groups in \vhich those ~naicrials arc produced
has shown that structural changes IHay have been ilnponant ~n sectors such as
chcnlicals. where Ihe production or plastics increased subs~antiany relative io

olher cornuullJities: and in slone, clay, and glass, where the produclion of
cerneol fell by 20C/(1 relnfive to va,luc < added. BUI Ihe literature to datc has
sho\vn Chat the 1110s1 i.npnrtanl irnpacts of s~ruchJrul change Inay he captured
31 a relatively high level of aggregation such tiS the one used in this analysis
«30, 31). Thus while the figures discussed in Ihis section should be regarded
properly as indicators ralher than lueasures of energy efnciency t we believe
thai energy-intensily trends as Ineasurcd in Ihis analysis are driven rnainly by
efficiency ilnprovelnenls.

To measure the impacls of changing energy inlensilie'3 on manufacturing
energy usc, we eslirnaled the evolution in energy use Ihac would have
occurred between 1958 and 1985 if Ihe output of each industry group had
ren1ained constant at its 1913 value while its encrgy intensity followed its
historical palh. According to Ihis calculation, structure-adjusted Inanufacluf
ing energy inlensity ·declined by 2.5% pcr year belween 1958 and 1913
(I::igure II). While Ihis decline was led by a 58o/Q decline in coal intensity t the
inlensity of oil. gas. and wood use declined by 23 ffu, 15%, and 110/0 respcc
lively. Electricity intensily .. on the other hand, remained relativeiy constant
over the period.

The 1973 to 1985 trend in encrgy intensily is relnarkahly similar. On
aggregate, struclure-ad.juslcd cnergy intcnsity fcll by 2.1% per year between
1973 and 1985-only slightly nune rapidly Ihan the 1958-1913 trend. On a
fuel-by-fuel basis, the intensity reductions were 44%, 37%, and 150/0 for oil,
gas, and coal. respectively. Wood inlensity increased by 6%, while electricity
intensity dropped by sOlne 6O/Cl.

Together, these stnlistics point io consider~blc ilnprovemenls in nlan
uracturing energy efficiency over lime. BUI these changes were arguably
driven as Inuch by long-Ienn changes in process technologies as by short-tenn
responses 10 changes in the relative price of energy. It is indeed striking and
even counterintuitive that the energy shocks of the 1970s did not induce a
significant increase in the rate with which rnanuracluring energy intensity

"ucluations. Manufacluring as ~t ~s conventionally incasurcd~ has
grown wilh she econorny for aile two decades. and ihcre is no nf1!!t"ftll"ul'ar

reason 10 believe @hili this win decouple over the short to in-
iennediale (enn.
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extend 'he in ,ihe preceding seclion 10 luorc recent years.
Dahl arc availah~ct 'on Ihe use of fue~ and electricity lor heal and
power in lhe aggregilh~ industria! secior ~ which includes mnanufacluring.
IHining, agriculture. and cons~nJclion. l'hese dala were prepared by sublract
ing the usc of energy feedstocks fronl the industria! energy saatistics published
by lhe Energy finfonnalion Adluinistndion (32). If we assunu~ ahaa the rate of
energy-inlensiiy change was ihe saine in nuuluracturing and nonmanufactur
ing induslries, and dUll sirucuJnd shins between manufaciuring and other
industries were slnaU 8 then ch,ulges in ihe ratio of industrial energy use ~o

lotal industrial production give an apllroxinHue fneaSUfC of recent trends in
luanufac(uring energy inlcnsily. When ahis caicldalion is carried out, we find
lhua aggregatc energy inlcnsily feU by 4. lifo beiween 1985 and 1981; fuel
intensity fcU by 4.6 tyo; and clcctricil}' feU by i .9€J'u. These savings were
focusetlluainly on abc 1985-1986 inlerval. Liule chnnge in energy intensity
occurred between 1986 nnd 1981; electricity intensify actuaUy increased by
i .20/0. (See NOTE ADDEO IN I)ROOF on p. SOl.)

While this approach lacks analyaicai rigor, it is defensible on lhe basis ahat
the luanufacluring sector accounls for sOlne Iwo-ahinJs of indus.rial produc
tion and four-fiflhs of aodustrial energy use. As we nOled above, slructural
change had no significant hnpacts on ananufacturing energy usc bctween 1985
and '987. Moreover, ahe cOluposiaion of lotal industrial production between
the various cOlnponenl sectors did not change subsluntiaHy over the period. In
any evenl, such casual analysis win have iO suffice in ahe absence of Ulore
authoritulive dala.

We note, however, that recent trends in selected induslry groups SUppOfl
ahe hypolhesis lhaa energy intcnsiaies are continuing to fall even in the
posl-19H5 era of low energy prices. Unpublished daia from the iron and Saeei
Associulion (E. Young, private comnlunicalion), for example, indicate lhal

the energy inlensiay of that sector feU by i i .50/0 between 1985 and 1988, or
4. 1% per year. 'fhis ilnproveluent was spread across the range of technologies
used in the industry. Siluilady, statistics frolll the Alnerican Paper Ins.ilule (J.
Melz, privutc cOlnnulnicalion) indicate dual an energy intensity reduction of
2. Ao/() occurred in the paper industry between 19K1 iand 198H. l'his nunlbcr
grows io 7 .50/Q when adjuslanenls are anade to account for changes in caparil)'
utilization, ahe fuel luix. and other Ustructurar J factors. Since lhe annual
reductions averaged 3.20/0 between 1912 and 1988-or 3.50/0 on an adjusicd
basis-it is clear that recent inlprovenlcnts are consistent with long-lcran
trends. Energy iaucnsily also feU in the cheulicals sector between. 198? and
1988 accunJing &0 unpublishcd duta froln ahe Chcauicals Manufacturing
AssociatiuH Parker. privalc conununicution). While ahe usc of fuels and
electricily consunll~d for heaC and power increased by i4o/u over the period.
sectoral output increased by 20o/u. 'rhus energy intensity fell by a tUlal of
5.00/0, or 1.1 tx, per year.

Fuel Mix

The use of oil and nalural gas fell rapidly as ahe prices of these fuels rose in
the &9105. It is often suggested ahal one of the facaors behind this trend was
ahe subsaiaulion of solids and electricity for oil and gas. Indeed. lhe man
ufacturing fuel share of wood rose frolll 70/0 to 120/0 between 1973 and 1985,
while Ihe elecaricily share rose froln 120/0 to 170/0. The coal share. in contrasa.
rCluained cons.ani. Out the utilizalion intensities of Ihese fuels did not rise
substantially over thc period-indeed. eleclricily intensity. adjusled ao
account for Ihe impacts of structural change. decreased by 6%. Thus while
inaccfuel subSlitution was undoubtedly irnportant in some applications, on the
whole oil and g.as savings were apparently generated more by conservation
Ihan by substitution. .

Conclusions: Energy Efficiency in Manufllc/tlring
We have documenled thai enhanced energy efficiency has been an important
factor shaping Ille dcvelopnlenl of Dlanufacturing energy use. BUI just how
rnuch energy was saved by the energy intensity reductions thai occurred
belween 1913 and 1987'? The fact thai stulisaics are not available on actual
manufacturing energy use in 1987 conlplicales the analysis. But if we assume
in light of (he infonnulion presented above ahat aggregale manufacturing fuel
intensity feU by 4.6'lo belween 1985 and 1981 while electricity intensity feU
by 1.90/0, and lnuhiply Ihese intensiay esthnates by aClual 1987 manufacturing
aClivily. we find Shal Ihe Inanufacl'uring seclor used approximalely 12.1 EJ of
fuel and 2.5 EJ of eleclricily in 1987. If, however t the energy intensities of
each industry group had renlained lixed al their 1913 values, manufacturing
fuel and electricity use would have been 19.0 EJ and 2.8 EJ respectively given
the actual level and struclure of OUlpU. in &987. Thus energy inlensily
reductions belween 1913 and 1987 saved about 6.9 EJ of fuel and 0.3 EJ of
electricity for an overall ianproveiuent of 33Cfo.

Outlook

Fulure energy use irends in ahe lunnufacluring sector, as in the other sectors
considered in lhis nualysis, are difficult 10 divine. In ahe absence of compel
ling evidence 10 abe contrary. we expect lhal manufacluring OUlpUl win
continue 10 grow Ruorf or less with GNP. A nunlber of ,analysts have sug
gested lhal the structure of.luanufacturing produclion will continue to evolve
away frolll energy-intensive raw Ina.crials industries (28). BUI the structure of
nlunufacluring has app,trenlly seabilized in rccen8 years. hailing the downward
pressure on energy use lhal persisted throughout the lale 1970s and early
19HOs. future struclural trenus are Illea-eforc highly uncertain and deserve
further research.

'rhe fuaurc of rnanufacluring energy efficiency. on the other hand, is more
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easily forecast As we nOled above, sectoral energy declined at an
average annual rare of 2.60/0 per year between 1958 nod 1985 wilh no
significant departures [roul the irend over Ihe enaire period. Moreover, a range
of studies have suggested Chal a continuing irnproveluent of i -2%. per year
will be realized under expectcd cconornic conditions @hrou~h the turn of ihe
century (28, 33, 34). .

or particular interest is a series of engineering studies of Ihe potential for
efficiency inlprovemcnis in five industries-steel, cen&cnt, paper and
glass, and textile tnanufacluring (35-39). The studies indicate thai the
chances are "very good" thaI ahe aggregate energy use per unit of physical
production of ahe sectors in qucstion could be reduced by roughly 300/0 (1.40/0
per year) between 1985 anu 2010 using current "stale of the artn technology.
Reductions of approxinlately 400/0 (2.8% per year) are upossiblen based on the
usc of advanced tcchnology.

The extent to which new energy-efficient technologies penetrate the nlan
ufacluring sector will be generated in part by the rate of output growth (which
determines investlnenl in new facilities) as well as by energy prices. But we
expect that manufacturing energy intensity win continue to decline at a
healthy rate, allhough perhaps nol as rapidly as in lhc past~ as cost-conscious
managers seek to cut production costs.

RESIDENTIAL SECTOR

Totall1nal US residential energy use renlained relatively constant in the 19708
and 1980s, nuctuating between a high value of 10.9 EJ in 1919 and a low of
10.0 EJ in 1982 (Figure 12), but rising to nearly II EJ by 1988. Prhnary
energy use, however t rose over most of the period with plateaus in the years
fonowing each energy shock (40).9

During this lime period, important changes took place in the characleristics
of the sector and the fuel mix. Population, which we take as our measure of
residential activity, and the number of dwellings increased subslantially, and
the fuel mix changed as wen. We Enust further disaggregalc energy usc by fuel
and end use in order to separate the effects of these changes from the ilnpact
of greater efficiency. To do this, we cOlnpare energy use for appliances, hot

'These data are based on the State Energy Oaia System (SEDS) reports, but include wood as
estimated by the Energy Information Adnlinistralion and the use of gas and oil in apartment
buildings, uses of energy ontitled from SEDS. Weather adjustment is carried out by dividing the
apparent consumption of electricity and fuels for space heating by the falio of adual to long-tenn
average degree-days. When individual fuels are compared over time, the degree-day series
account for the distribution or honles healed by each fuel.
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wCller, and cooking (41) with household population, and we compare space
heating \\lith the nUlnbcr of !JoInes Of, where data are available, 'with square
111cters of heated Ooor area. l'hcsc cOlllparisons yield energy intensities that
we use ao cSliinate Ihe inlpaci of hnproved energy efficiency. We then
reaggregale (he cOlllponents of energy use in a way that allows us 10 separate
~hc effecls of changes in encrgy intensities froln othcr faclors Ihal may have
affected energy use significantly.

Meyers (40) presented a cOlnprehensive sUl1l1nnry of thne series data
showing energy use by fuel (including wood); fuel choices for space healing,
waler heating, anti cooking~ housing and household characteristics; weather;
Clnd other fCi,lures of the residential sector. Using these dala and our eslinlales
of how nnlch or each fuel is used for each purpose, we obtain the eslirnales of
useful residential energy use per dwelling shown in Figure, 13. By our
Ineasurc of useful energy, delivered quantities of oil and gus are counled at
660/0 efficiency, solids ttl 550/0, and electricity al 1000/0 to account for differ
ences in thc utilization efficiencies of the various fucls at the point of end usc.
We have ad.iusted yearly data for vnriations in tClnperature (41). By 1987,
delivered energy use per dwelling had fallen by 24% relative to 1913, useful
energy per dwelling had fallen 220/0, and prilnary energy use per household or
occupied dwelling wns 14 f¥o below its 1913 value. l'hese declines suggest
significant conservation of fuels nnd electricity.
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Fig",.,' 1.1 R-:~ilJCnliiJl cnCfl!)' u~c. thcful cncr~y per huu~chu8tJby cull usc. adjuslcl! 10 nonnam
wcalhcr, U~c1'ul CUCf!!}' i~ \."ilkulal-:&J by cuumlng hljuill anlJ l!i'~COUS 4·uch al 664~ calidcuc)' and
~ulllh al )5% lu a\.·l:uunl .'Uf l:uuve..~iun efhl:icu\.'ies 01 ..hffcl"cm fueb.

The Sir-He/ure oj' ,hl~ Rei'i(lenlial Sec/or

Belween 197J and 19M?, iluporlana changes in the chnraCicristics of US
honlcs occurred. While the pcnclralion of cenlral healing (here defined as lhe
presence uf a furnaec ur boiler circulating hOI air or water ahrough lhe honle, a
cClural heat pUIUp. electric furnace, or buill-in baseboard electric healing)
increased slo\vly over the period (0 around HOtX,. the average healed noor area
increased fruaH I.lU Ill:? 10 nearly 140 'U1

• which boosied space healing and
lighting requiren\enls in an .'ppruxilnntely proponional fashion. Cooking and
water healing C(luipluent was virtuaUy salurated in 1973. l'he ownership of
Inajor apphances (refrigerators. freezers, washers, dryers, air conditioners.
and dishwashers). in nUlnbcr uf ulli.s weighted by 197] unit cn..:rgy ulilizalion
uf c..u:h \lui., incre;'lsell hy 2Kth, uver ahe p..:riud.

Other IUlponanlchanges look place in lhe chanlclcrisaics of households and
hOIHes. Flrsl. household size declined rruau 3.U6 persons per household in
1973 ao 2.72 in IlJK7. Schipper el at (42) suggested ahal energy use per
household al " given liaHe varies appruxilnalely wilh lhe square fopt of
household size. Fur ahe paranlclers presented abuve, energy usc per house
hold should have declined by abuut 6(X,. BUI the decline in household 'size can
be viewed ,IS Hil increilsc in ahe nUlubcr of huusehultb per capita of I)(~). 'rhus
ahe det'line in household size leads 10 an uverall iucrease in energy usc per
capila uf approxilualcly 6.5(~·. Second, ahe r..:gional distribuliun of houles
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Fuel Mi.\"

During lhe 1970s and 1980s, rnajor changes occurred in the mix of fuels used
in US hOlllCS, as figure 12 huplies, Changes occurred for two reasons. first.
exisiing honles switched frolU oil 10 gas and wood in space healing. from oil
ao elet~ariciay in waler healing. and frolu gas to electricity for cooking. The
switch in space heating was particularly rapid between 1978 and 1985, when
1l10rC ahan 5 "lillion honles swiached away froln oil healing (Figure 14) (43),
Second, builders chose it significanaly different nlix of fuels for new homes
Ihan thai of ahe existing slock, Gas and elecaricily are used in preference to oil

Percent 0' total households
100% -r------ i 100%

shifted slightly, such Ihal lhe average nUlnber of healing degree-days declined
by nearly 3% between 1970 and 1980 (40). This decreased space heating
requirernents but increased cooling needs. On balance the geographical shift
should have decreased delivered energy use by about 2%. a small effect

lIousehold activity, as measured by population, increased energy use by
15%. The structural factors outlined above together increased final energy use
by 20%, primary energy by 26%. The total increase in primary energy use
driven by changes in ahe level and slruciure of residential activity· should have
been 45%& sligluly greater ahan ahal of the GNP. As it turns out, household
energy usc was reslraincd cunsiderably by ianproved efficiency. as we show
below.
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in new-home space heating, and the share of electricity for space and water
heating is Inueh higher in new construction-around 500/0-than in existing
hornes. 8y the second half of ~hc 1980s, the shares of ciectricity' in ~hese

substitutable applications levelled wHh only ahe share in new
construction slowly driving up ahe totai share. In the period 1913-1987, these
two kinds of substitution had had roughly equal inlpacts on fue.i choice.

Indeed, part or the decline in delivered energy rer household occurred
because electricUy asstnncd a larger roic in substitutable end uses, elisuinating
the on-site cOlnbustion losses that arise when fossil fueis are eruployed.
SiJnilarly, some of the increase in prirnary energy use per household occurred
because snore electricity-using devices were clupluyed. Increases in appliance
ownership increased Ihe share or electricity in delivered energy, accounting .
for two-thirds of the increase in electricity use. These changes mean that
aggregate household energy intensity, either on a prhnary or delivered basis,
has limited utilHy as an indicator of the hnpact of iluproved energy efficiency.

We can esthnate the hnpact of shifts in the fuel nlix on residential energy
use by asking how much fuel and electricity \vouhJ have been consumed if the
share of hOines using electricity for space healing, cooking, and heating water
in 1981 had been the sanle as in 1913, but other paralneters (the number or
homes and the unit consumption of energy-using equiplnent) had their 1981
values. Under these circulnstances, about 0.3 ru less site electricity would
have been consunled, but about 0.97 EJ more fuel. l'hus, the increase in
primary energy use ·from this electricity substitution, about 0.95 EJ, was just
about offset by the reduction in fuel use of 0.97 EJ. Note again that only part
of these shifts occurred through the switching of fuels in existing ho!"es.

Intensity and Efficiency: The Major End Uses

This section analyzes the end uses shown in Figure 13. Useful energy
intensities for space heating (in kJ/degree-day/n12) and major appliances
kWhlappliance/yr) in 1981 were significantly lower than they were in 1913.
Energy intensities of fuel-based cooking and water heating feU significantly,
but those for electricity fell less. US hOlnes would have used 390/0 Inore fuel
and 15% more electricity in 1987 for un purposes than they actually did if
thete reductions had not laken place. This section reviews these changes.

SPACE HEATING Changes in space heating energy intensity have been
dramatic. Weather-adjusted space heating fuel use in 1913 was approximately
1.1 EJ, electricity use 0.2 EJ. By 1987 fuel use feU to slightly under 6 EJ,
while electricity use rose to 0.36 EJ. At the same time, the amount of heated
noor area increased by nearly 40%. When consulnption of principal fuels, as
wen as LPG and (lther solids is aggregaled, useful energy per dwelling for
space heating fen 340/0, and 38% per unit of dwelling area. While some or the

decline in space hcaling fuel use was caused by lower honle utilization or
incrca~cd contributions tn healing needs by waste heat Croln other end uses,
the changes indicate significHl1t conservation of energy.

Dctailed exarnination of individual heuting fuels supports this finding.
According to our own tahulations, average consufuption of gas in a horne
using gas for space heating fcll by 350/0 bctween 1913 and 1987 vs 40% for oil
and 26~) for electricity. I)ala frOtH the oil and gas industries (44, 45) show
silnihir declines in sales of fuels for heating, as Figure 15 shows.

l'hcre are funny causes for these reductions. 'file thermal characteristics of
the external shells of existing hOlnes were upgraded. The nUlnber of house
holds adding insulation or other conservation features in 1981 kept pace with
or increased slightly relative to earlier years (40, 43). New heating equipment
was Inore efficient than older, too. According to data cOlnpiled by the Gas
Appliance Manufacturer's Association, the efficiency of new gas furnaces
increased frOI11 63.2% in 1972 to 74.7% in 1988. "he seasonal coefficient of
performance of new heat punlps increased frorn 2. I to 2.9 between 1918 and
1988. 'file graduul rCJllaCelllCnt of heating equipnlent in existing' honles and
installation in new hOllles has thus contributed to' reducing energy use for
heating. "'he share of heat punlps has reached 250/0 of new hOlnes heated with
electricity. Nole, too, that part of the reduction in the use of the main space
heating fuels, particularly on, was pcnniltcd by a dnunatic increase in the use
of wood as a secondary fuel.
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Figure 15 Residential sector. Indices of space heating fuel rer dwelling. Sources: oil-Heal;ng
Oil Alt,gClzille yearly survey; gas-surveys front US Gas Association



(lB: af\1PI~OVEi) EFfi~aC!ENC,( 485 486 SC••Ull)ER ET AL

Efnc~cncy uf abe building shell in new cons~ruciaon are
equally ilnprcssivc. (40) cuulparc(J insulation levels in hUlucs built in
A9H6 Wllh those buill ~n 1913. l'he iauprovcaneiu in aile nOlnina~ thennai
resislancc of aHie ~nsu~ai~on was nearly twofuld, i"nun 1~.I4.4 (or k = 0.39
W/deg-C'hn1 in icnus of ihcnnal ~rans~uissiviiy) in ~97) in R26.M (k = O.2~)

in IY86, and lhal fur wal! insulation was less, fa-orn R10.0 (k = 0.56) io R B2.5
(k = 0.45). l'he sh&arc of new hOlnes with doublc- or iriple-giazed windows
increased frolu 40elt' 10 79o/v. in it 19M? snapshol, ihc fraclion of hOlnes Wiih
sturin windu\\ls, wall insulation, und insuhucd Iloors over a bascnlcni or crawl
spacc is significantly higher in hUIUCS buila afici' A914 ihan ahat in hOlues buill
bcfore 1974, confinning ahc new-conslfucaion insulaiion suuistics. Similarly I

healing. clluiplHcna .:rficiency has also iluproved, as noted above. So energy
use for hcaling in ncw hOlues should be significandy lower lhan .hila in
existing hOlues.

()ala un energy usc bcar oul ibese lluprovelucnls in equiplneue and building
shclls. Viewed in 19H7, gas-heuled htuues built aner ~{j74 used 20~.less gas,
as lueasurcd in "'tjlll~gree-{hly/nr~ Ihan ahuse buih belween 1960 and 1974
(43). EviJcluly, even though gilS healing. ilucnsity in ihese pre- 1974 hOlues
has fallcn uver ailuc. Ihis lluprovcaucnt has not c~oscd lhc gap in inleosily
bClween new honlCS ilnd ahc lypical h()nlt~ built before 1913. Sisuilar IIU

proveulcnls &apply iu hOiues hCiUed wilh clcflracily and fuel oil. Clearly new
hOlnes usc less energy for space healing ahan older ones. Since 24% of the
hOlllCS in 19H7 were buill in 1975 or later, Ihis Incans ahal iluprovements in
building praclices have had an huponanl irnpacl on average heating iniensity.

NOl aU of ahe reduction in space healing inlcnsily was caused by improved
lechnology. however. 'fhcnnoslat scuings in Ihe early 19HOs were several
degrees lower than in 1913 (40). By 19a1. scuings were up slightly over 1984
(43). PNL (2) cstilnated Ihal the conlribulions iO Ihereduclion in space
healing energy intensily between 1973 and 19H6 frol"n bener equiprnelu and
fronl beller building shells in bOlh existing and new hornes were about one
third larger ahan ahc "behavioral" cOlnponenl. Nevertheless, ulosl of the
reduce ion since 14.)7) is penuuucni. Only a very conccrleu effort to induce lhe
raising uf lhcnnuslat scuings wcll ahuve aheir 1973 levels woulu bring heating
iniensity cluse Iu its I~7] villuc.

WATER HEATING AND C()()KINCi l'he principal fuels for walcr healing and
cooking arc elecaricity and natural'gils. 4llthough uil is in sOlne eascs still 'used
for walcr hcalang, and LPG is used for cooking and waler healing in 10-15o/(J
of all hOIHCS. FrulH 1973 In 19H5, ahe efficiency of new gas water healers
incH'T duly slighlly I'nun 41(~1 @u 51 11(1. while ncw clccuic waler hcaters

a sisnilar fnactiun. AUlonllllic ignilion (i.e. rCIHoval of pilol
lighlS) on ncw gas stoves and clothes dryers has reduced standby losses.

Water use in washing appliances declined significantly. according to figures
for dish- and clolhes~washers Ihal heal their own waler.

it is difficult. however, ao dClcrnline ahe changes in actual water heating
and cooking energy use caused by ianproved efficiency. This is because
behavior and utilization pauerns cause significant changes in estimated or
rnelered end use. Reduced household size. for example. has led to significant
declines in hot walcr use per household; changes in eating pauerns as well as
ad~ilional use of Inicrowave ovens led to lower unit consumption of gas or
eleclriciay. for cooking.

ELECTIUC APPLIANCES AND LiGHTINO Allhough electricity use for ligha·
ing anti electric appliances is nOI well doculnented (46. 41). estimates of
aggregate electricity use per household for the six most important appliances
(rcfrigenalors, freezers, washcrs und drycrs. dishwashers, and air condilion
ers) give sOlne perspeclive on the changes ahal have occurred. Increased
ownership of Ihese appliances, had there been no change in unit consumplion.
would have boosted energy use for Ihese six applications from about 3520
kWh per household in 1973 iO aboua 4250 kWh per household in 1981.
Instead, actual use was approxitnalcly 3150 kWh per household. representing
a savings of approxilnatcly 129(1, or 0.16 EJ. ua If this savings rale were
applied (0 all ;appliances (Le. all electricity use excluding that for space and
water heating and cooking), savings would be about 0.25 EJ.

A variety of studies lIocumenl lhe ianproveanenls in the efficiency of Iliw
appliances sold since 1912 by weighling sales of each product by an indicator
of efficiency. aa Sonle of Ihese in,provcauents are shown in figure 16. The
inlprovenlcnls are greatesl for refrigerators and freezers. slualieSl for electric
waler healers. In general, the iluprovelnenas are impressive. although further
ilnprovcanenls are practical and economic (48).

'fhe reductions in lhe avcrage electricity consumplion of the appliance
Slack belwecn 1973 and 19H6 are less than lhe improvements in new models,
of course. because the turnover in lhe appliance slock is slow. Moreover. new
appliances tend 10 have Inore energy-intensive features than appliances being
fctired (e.g. auaolualic iceauakers inrefrigeralors). On lhe other hand, lop-of
Ihe-line Inodels oraen have Inure energy saving features than simpler models.
And average new freezer size declined between 1912 and 1988. while new
rcfrigerator size renluinecJ conslanl afler 1918. FinilUy. (here are uncel1ainaies
in lhe eSllan..ues of in-holllC consuluplion vs laboratory consumpaion tests of

'&UTi,e unil consunlpliun figures were lakel) froln Ihe A...awr.:ncc Oerkeley laboratory Residen
ai,at Mudd IJ. IvlacMahun. lu"ivale ,:onununicalion). The eSli.ualel.8 electricil)' cOllsulnption per
huusehuitJ fur lighting shuws a slight lJ~dine thai can be: t;~plain~d by lower house occullancy
(i.c. I·cwer huurs Sileni at humc) ami sluaUcr houschold sileo

ulu ihe casc ut' refrigerators. fur cxaluph:. Ihis iluJicalor is given by volulne per unil or yearly
cI~4,"lridly cunsulupliun.
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changed \vhile fuel shares, lIclivity, and structural pararneters had remained
constant al their 1973 values, US hOll1es would have used 6.7 EJ of fuel and
L8 E1 of electricity in 1981, declines of 21°k and 120/(' respectively fronl 1973
values .. Put another way, reduced intensities alone cui total prhnary energy
usc hy 21 %. Alternatively, hHd the intensities of each cnd-use been frozen at
(heir 1973 values, then fucl use in 1981 would have been 10.9 EJ and
electricity usc 3.6 EJ, yielding total prirnary energy use of 22.0 EJ, more than
.5.7 I:J higher than aClual.

Outlook

EJ/year

The energy intensity of a typical new house, heating systenl, or appliance is
by no Uleasure ncar its theorelical or even econoluic nlininlUf11. Indeed.
comparison of average new elcctric appliance energy intensity with the lowest
on the gnarkel shows a wide gap. But in SOllle cases the rate of decline in
intensily of rnost new SYSICllls has slowed or stopped. It appears that insula
tion levels in ne\v hOll1CS buill in 1986 and 1981 were no better than those
installed in 1985. l~he slowdown in efficiency irnprovements represents a
rnarkel slowdown, nol a bottolnil1g out of technology that is econolnicany
nuractivc (49). 'file outlook for further decline is therefore dependent on

19871984198119181915

o I , i • • i '

1972

2 1

F;g"r~ 16 Appliance efficiency Irends. Changes in efl1ciency ralios. These are the shipmen.
weighted efficiency factors for new electric appliances sold in the United Siales belween 1912
and 1987. For each appliance shown, we display the sC;lsonnl energy efficiency ratio (SEER,
ctK>1ing or healing per unit of electricity consunlcd) or enidency (volmlle cooled per unil of
eleclricity consumplion) or an nuxJels shipped in the Unilcd Stales 'n a given year. Source:
derived from ACEEE

"';Xlln' 17' Residential prhnary cnergy use. Intensity. activity. stnlclure cUects. Evolution of
;Iclnal tint' hyputhelic,,1 prilnary energy usc in the residcntial scctor. E.,ch "cuccr" is computed by
havin(! only intensity" activily. or stnlclure fas dellned in Ihe lext) follow ils aClual path while
hnhlinl! Ihe ulher Iwu cUfupuncnls _II 197.1 levels,
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24new models. Thus the 12% reduction in stock-wide unit consulnption that we
cite represents the cOlnbined hnpact of efficiency hnprovernents and aU other
factors.

What were the efficiency improvements? Refrigerator insulation, seals.
motors, and cotnpressors were inlproved. Air conditioner motors, corn
pressors, and controls were upgraded. Water requirements for dish- and
clothes-washers were reduced. Sensors were added to dryers to shut off heat
and power when the moisture in the clothes was low enough. The savings
'Were all achieved using low-cost technology (48).

There is still considerable room for reductions in appliance energy intensi
ty. The average unit consulnption of new appliances sold is wen above the
levels achieved by the anost efficient models, and advanced prototypes are
even more efficient. It is therefo~e clear thai the present average new intensi
ties do not represent the technically feasible lilnits of efficiency. And as many
argue, these models are also far from limits of economic feasibility (41).

Conclusiolls: Energy Efficiency in the Residential Sector
The development of energy use in the residential sector is shown in Figure 17.
Improved energy efficiency had a clear ienpaci on the residential sector
'between i 973 and 1981. If only the intensity of fuel and electricity use had
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Figure 10 Manufacturing energy use. iRlpacts of struclural cbange. This shows tbe hypothetical
evolution or energy usc in luauufacluring if acaiviay and intensities had remuined CORsaant at 1911
levels and only ahc value-adllccJ shares of ahe subsectors (slruC!Ure) had follow.:il lheir aClual
palhs,
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industry group had rcanained constant at their 1973 values while the propor
tion of output produced by each industry followed its historical development
We found thai siructurai change had no significant impacls on energy use
between 1958 and 1913. Ilelwecn 1913 and 1985 J however. s&rucaund change
al conslant output and energy intensity woui<J have depressed energy use by
i 80/0, or l.60/0 per year (Figure

The impacts of structural change were driven hlrgely by a deciine in the
proportion of OUlpUI produced in coal-intensive industries-particularly lhe
iron and steel secaor, which alone accounts for one-thin! of ulunufacturing
coal consunlption. While s8rucluru) change would have reduced coal use by
330/0 between 1973 iuul B9H5 J ahe corresponding reduclions in oil, gas) and
electricity use were 16£Yo, 160/0) and tOo/v respec.:tivcly. 'fhcse results suggest
lhat rising oil prices \'1erc not the anus! iauportanl facior driving slructural
change. A "uluber of uluaiysls have suggested ahai a long-lenn reduction in
the Inalerials inlensily of the US cconolny lhal has significant energy ilnpiica
lions has been under way (28). Indeed) the physical production of certain
raw iuulcrials such as steel fcU significantly during the &970s an~ 1980s, al
though the production of other conunoditics such as plastics increased (29).
But other factors, such as iuacrocconoluic policies that have gi,ven 'rise to
high intereSI rales antl a stnlug doUar lhat have placeu the US raw nlutcri
als seclor al a cUluparative disadvanli.lgc, have also been Blupoj'hlnL ()vcr
the one-year period I~K 1-19K2, for cxanlplc, lhc output of ahe iron and

steel seclor fell by 370/0 during lhe strong recession. This change alone yielded
an energy use reduction of 1.1 EJ, or 1% of manufacturing energy use.

Structural change had no measurable inlpacts on energy use between 1985
and i 988 t eilher in aggregate refnlS or on a fuel-'by- fuel basis t al the level of
aggregation elnployed in this analysis. In recent years J raw materials produc
lion, as Ineasured in econonlic terms. has kept pace with aggregate man
ufacturing activity. l'bese results suggest that ahe expectation thal shifts in lhe
cOlnposilion of manufacturing value-added away fronl energy-intensive in
duslries win lead to significant future energy savings may not be fulfilled. or
ill least aha. ahe anticipated decline may nol be smooth and continuous.

l'he rale nl which IUUI\UfaCluring OUlpUI grows over time is also an impor
hUll dClcnninanl of secaoral energy use. Rculauanufacauring value-added grew
ul the rapid ratc of 5.4tro per year between 1958 and 1913 and at the slower but
~liU subshlnlial nale of ~.7% per year between 1913 and 1988 (Figure 8). Thus
seclond growth placed strong upward pressure on energy' use throughout ahe
periQd of analysis. Changes in ahe growth rale of manufacturing production
relative 10 GNP are a Slruclural effect of particular relevance to manufactur
ing energy use. But while SOUle analySIS have argued that the econolnic
iluporaance of ananufacHaring has declined significantly over time. the auta
point 10 a tJiffercnt conclusion. l'he fraction of real US GNP generaled
by lhe Inanufacluring seclor rcsuuined luore or less conslant at 2l 'Yo in lhe
1970s and 19HOs with oniy Iniuor changes induced by business cycle
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Fig"re 18 Energy use in service sector buildings by fuelaype. Sources: SEDS, NOSeS.

Ihese figures as the indicalors of the change in sectoral activity over the period
of lhe analysis. The structure of the service sector can be measured by several
(Iuaotilies. The most ilnporlanl is noor area, which grew from an estimated
3.5 billion square meters in 1973 (52) ao Inore than 5.4 billion square meters
in 1987 (53). l'his growth was only slightly faster than the growth in service
sector GNP. I-Iowever, ahe ralio of sectoral floor area to total GNP increased
because the share of service seClor GNP in overall GNP increased ffOOl 61 tro
to 650/0.

Additionally, Ihe nlix of buildings changed slightly. According to PNL (2).
lhe share of office building floor space increased from 16.6tro in 1972 to
19.80/0 in 1986, and shares of warehouses and lodging increased slightly.
Shares of relail. food sales, and educational floor space fell, ahe latter
significantly, 1'rolu 16.10/0 (0 13.90/0. And lhe geographical distribution of
buildings shifted slight'y towards the South and West. According to PNL, ahe
luix. effect increased fuel and electricity use by about 0.08 and 0.06 EJ,
rcspeclively) while lhe geogntphical shift reduced fuel needs by 0.04 EJ bUI
incrcased electricity use ~y 0.02 EJ. Thus the itnpacl of structural change, as
ulcasured .by ahc slight increase in ahe noor area per unit of service seClor
(jNP, changes in the luix of buildings. and geographical shifts, is very sluaU
conlparcd 10 tolal fuel utilization of 2.5 EJ and electricity use of 2.5 EJ in
19K6. liy conln,sl. the activity effect was significant because the service
seclor GNP grew 1o/u Inore lhan tolal GNP. Yel between 1913 and 1987.
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Service sector (jNP. excluding utilities, grew nearly 50l~), froul i .67 trillion
dollars in 1\)7] au 2.51 trillion in ItJH7 as evaluated 411 19H.2 prices. We lake

SERVICE SECrrOR

The energy usc of the service sector is dOlninaleo by builtJing-rehued activi
ties (52}. Survey dala un energy usc, nunr area, and other characteristics of
ahe US service seclnr are available only fur IY7Y, lYK3. and i9K6 (53). Front
other dala (SEI)S) (54). which iUl'ludc energy usc for acaivilies noa associatcd
with building energy usc. Schipper ea ul (52) assclnhled a ailue series of
energ.y usc thata Ihat l'au he adjusled to iu,atel! the ItJ74.J and i 9ti3 surveys. l'hc
results for key ycars are shuwn in Figure IK. l)~hvered energy use rose frol"
5.3 EJ in (97) tu 5.9 EJ in ItJ79-i' very cold yCilr, then fcU to il plateau of
5.3 EJ in 1986. P.-iluar)' energy usc, on the ulher hand, rose fnun 8.B EJ In
1973 (0 11.1 EJ in 19H6, as a rcsult of ahc SUhSliaUlion or electricity for fuels
and further penetration of elcclracily-drivcn servit·cs like l'Onlputcrs and light
Ing.

Iu'ure forces lha~ ailct:l lhe luarkclplacc-rcsidcniial energy prices, ihe per
ceived or rca~ iUl'rcnat.:nma~ bencfim of grcaier efficiency II and public policy.

()ne iauporlaU( pulicy ahai \viU raise efficiencies is dae Naaion,al Appliance
Efficiency S~andanJs. whil"h ~akc cil~ca initially fur refrigerators, freezers,
waler healers, and rOUlU air cOluJiiioncrs in 1990. More saringcn~ efficiency
requircillenis for fcfrigcrahlfs and frcezers will iakc effect in 1993, and
requirenlcnls for oaher products iUC 10 be upgraded in the future as weU.
Californiil, nne of ahe iargcsl cconu~nies in Ihe \'Jorld. has upgraded its own
requireancnts on the cffil'iency of huusehold ;,appliances sold in the Staac) aoo.
rrhis type uf puht·y l'iH:uulvcn~s consuulefs', ulanufacuercrs', and builders'
high hnplit'ii c.liscuuul nucs, as \vcU ilS a v,ariety uf uihcr IUilrkct ,and nOfunar
kCi barriers 10 allUre efficicnt energy use.

Moreover. ahere i.nc a anunbcr of iluporlanl energy-saving lechnologies ihaa
are starting (0 penetrate the IHarkel lO a significant degree (IH. 49). These
include IOW-CIHissivil), glass for windows, vasily iluproved gas furnaces and
gas heal pUIHpS, i.,utl elec&ric heal-pu5up water healers. As for the future of
very ellicienl refrigerators, freclcrs, ,uui air conditioners, progress here is
clouded by unCCrlaintics uver future rcfrigcnlnts (50). Finally, novel Willi
constructions and huilding &cchni4ues, as pnu:iiccd ahnosi universally in
Sweden (5 l), prolnis~ (0 rcc.hJl'c healing. lusses in new detachcd housing
Inarkedly. A furthcr dccline in energy intcnsity should occur as these new
technologies arc IHOfl~ widcly disscluinalclL as ongoing R&I) iCiUJs au ever
beller lcchuoiogies (sul'h as gas-fired heal pUIUpS L ilnd as appliance nud
building siandanis lake effect and are inlprovcd.
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Nevertheless, Schipper el til (52) found a 160/0 decline in delivered energy usc
per unit or noo.. cIrca between 197J iuul 198J~ extending the data fronl Ihal
rep(nt 10 1986 (to COBnpcue with NBECS) nnd extnlpolating 10 1981 yields an
overall reduction of 33~,. ·rhe intensity of fuel usc, including district heat, feU
49~). About half of this decline was likely cuuscd by reductions in the
proportion of Iloor areu healed by fossil fuels and by the very Build winter of
·~981. We enn conlpClre energy intensity in 1979 and 1986 by building type.
rigtnc 19 shows thilt delivered cnergy pcr unit noor area declined for most
huilding "lYres. l'hc sanle is true for fuel intensity, electric intensity, and
prilnary encrgy intensity.

Most hlel is used for space hCiiting. \villi a sInaI! al11o\lnl of fucl used for
water heating and cooking (55). Mosl observers allocate as Inuch as 80% of
fuel use So space heating. We believe, therefore, that cotnparing fuel (and
district hcaling) use In the cstianatcd area heated by fuel provides one
ulcaningful tneasure of energy intensity. By our eslirnate, heating inlensity
lay ~II 940 MJ/nr"! in 1913. falling to 790 MJ/ln2 in 1979 and further to 560
MJ/n12 in 1986. Even nllowing for uncertuinties in \veather correction. the
share of fuel used for heClting. and the share of with fuel heat in
1913, the rnagnilude of this change is a clear indicntion of significanl savings
of sp;Ice healing fuel.

SonIc Inore precise Inensures of intensity changes are available fronl
NIJECS. Gas use per unit nrea in buildings heCllcd with gas, for exa,nple, was
981 MJ/rn1 in 1979 as cOlupctrcd with 555 MJlrn2 in 1986. Although use of
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Fuel Mi.t
The mix of fuels in the service sector has evolved in a incUlner shnilar tolhat
of the residenlial sector'l away frown oil and lowards elcclricily. Driving the
increased share of electricily was both further electrification (i.e. inore uses of
electricity), as wen as grealer penetration of electric healing. Measured by lhe
area of buildings they healed, heating fuels chosen were predonlinanlly oil
(22~·) or gas (Soc*l in 1979}1 Fnllll N8ECS datu on healing fuels in
buildings buill before 197 j we infer Ihal the share of ,neil healed by elcclricily
grew steadily, frUIn, npproxhllately 1% of Ihe entire slock in 1973 (0 15% in
1919 and 21,50/(' in 1986, while ahose of gas or oil (null 1..PG) have decreased
from an eSlhnated 87% in 1913 to 67l'/r in 1986. Part of this shift lowards
electricity as the principal hCilling fuel is explained by the shift of service
sector activity towards wClnncr clitnatcs, where lower heating i.oads pcnnii
electric heating 10 cOlupele beller against gas or oil.

UNnECS .5.1» did nol dislin~uish he.ween primary',md secondittry healin[! fuels, We took the
share of builtJin~s using cueh fud uver ahe sUin uf Ihe slmres. whit-It was 114~.

Intensity cU'll Efficiency
Measuring changes in energy efficiency retjuires the disaggregation of energy
use into end-uses, such as space heclting or cooling. nUllhe services provided
by energy in the service sector are diverse and changing. With current data
galhering errorts, il is very difficult to brcClk energy use by fuel inlo end uses,
and it is therefore very difficult 10 derive energy intensities for each purpose in
order 10 gauge the inlpncl of improved efficiency.

II is possible, however. to eslitnate how energy use per unit or noor area
has changed. Since survcys have nleasurcd energy usc and intensity only
since 1979, comparing present-day intensities with those frool 1913 is prob
lematic. The imprecision of the SEDS (54) data conlpound chis problenL

service scclor energy usc ~ncrc;ised 50/('. while energy usc
grew by 27o/t».

rrhe structural change here docs nul include shins in the kinds of
energy services provided in buildings, particuhuiy those rc~ying on clcclric-

The share or noor space provided wi~h cooling, and the level ~f use of
compulers and olher conununicaiions C(jUiplHeni has increased rnarkediy.
These shins increased electricity use. Stnnc of Ihe waste heut froBn this
electricity use reduced space healing nceds in winlcr ~nonlhs bUi increased
cooling needs during Ihe rcsi or Ihe year. ~ ~encc a broader view suggests lha~

the overall hurl'c! of structural change on energy use in the service sector has
reduced fuel use slightly fur heating hUI incrcilscd clcclricily use signillcanely
for a vadety of purposes.

"'iR"n' 19 Service seetuf. CIl.lnges in enefl:!Y inlensity by suhseclnr. Source: Ref. 53
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Ilow Inuch cnergy was savcd in ahc service sector bctween 1913 iand 1981'!
We showed lhal relative iO overall GNP, service sector (iNP ano lolai

secondary fuels !uay accounl for of ahis drop, increased efficiency is
evident figures for oil heal show a sirnHar decHne. 'rhe fuel iniensiay of U10S€

building iypes also feU be~ween 1979 and i 986. Since ~nos~ fuel was used for
space h~a(, ihis cvid~ncc points iOWalrds a significani savings of space hca~

ing.
Electricity is rnorc problcanaiic, because ~he use found in every

building is that for hghling. Avai~able daaa do not pennia a comparison of
eleclricily use by end-use over iiule. E!ecaricilY int~nsity in buildings lhat heat
with electricity feU frona 650 MJ/n12 in 1919 iO 579 MJ/m2 in 1986, aboui the
sanle percentage reduction as the change in lhc nuulber of healing degree
days. 'rbus il is difficuh 40 draw couc!usions aboul ahe intensiiy of electric
healing. 'rhe saU1C appHes 10 cooling. On ihe oaher hand, toiul electricity
inlensiay, ilggregaaed over tall buildings J rcauained constant between 1919 and
1986. Since ahe penetration of cleclric healing, cooHng. and oiher equipment
(e.g. COUlpUICfS) increased, ihis irnplies thai soniC improveluents in lhe
efficiency of eleciricily uailizalion musl have occurred.

Combining lhe liluiled knowledge we have concerning the use of individual
fuels suggesls lhal lhe reduction in fuel intensity be&ween ~979 and 1986
ahnost 37o/v-was caused principally by efficiency improvernents, but in
creased penelration of electric healing captured uboul 50/0 of the healed floor
area between 1919 and 1986, and lhe mihJer cli.nate in 1986 alone allowed a
reduction in healing needs of about 100/0. rrhe remaining decline, approx
ilnaiely 250/v, can be ascribed iO saved fuel for space and water healing.

The PNL analysis (2) aUclupted ao quantify lhe faciors lhat caused intensity
to faU. Ahhough it found Inore than MOo/v of ias "conservation" effect un
explained. ic judged Ihat factors other ahan ianproveluenls in building shells
accounted for Inuch of ahc savings. 8uilding shell reirofias accounted for 10/0
of the savings, and the high efficiency of new buildings relative 10 lhe existing
building stock for an additional K.50/o. l'he lociltion of more buildings in
wanner clhnales had a Ininor effecl. A shift in building type also contributed
(0 lhe decline in fuel use. PNL. on lhe olher hand, oluiUed explicil reference
to the shlfllowards clectriciay as a priluary and secondary healing source. ()ur

esl i.nale of ahe share of electric heating in I~1), 7uJu, iluplies a loss of Inon~

lhan 14 points in ahc share of fossil-fuel healing, which by 19H6 should have
reduced fussil fuel intensity over aU buildings by nearly 100/0. accounting for
part of PNL's uncxplained residual. We cSlilnale lhat whereas only O. i EJ of
eleclricity was used fur healing in 1913, lhe figure increased 10 Q.32 EJ in
1986; cooling elcclricily use increased frolll 0.21 EJ in 1913 10 0.42 EJ in
1986.

Conclusion: Energy Efficiency the ..c;ervice Seclor

building area increased sHghlly, increasing sectoral energy use. Fuel shins
reduced fuel needs but increased needs for electricity. Although our figures
are rough, we believe that a 40% decline in fuel heating intensity and an 180/0
decline in electric heating intensity took place. These improvements yielded
silvings of approxiaualely 1.5 EJ of fuel and 0.01 EJ of electricity 8 as
compared with actual ulilizalion of 2.16 EJ and 0.33 EJ, respectively. Final·
Iy, lhe increased share of eleClric heating raised electricity use by apprax..
IOlately 0.15 EJ but reduced fossil fuel use by roughly 0.6 EJ.

Outlook

A number of studies (18, 49. 55 J 56) suggest that the intensity of virtually any .
new system or energy service can vary considerably. New lighting systems,
supported by specular reflectors, el~ctronic ballasts, and judicious use Df
daylighting, have reduced eleclriciay intensity for lighting by 50-75% in some
cOffiinercial buildings (55). low-emissivity glass can reduce heat losses or
gains significantly» yet allow for maximulu use of daylight to reduce artificial
lighting loads as wen. Variable speed/volume space-conditioning systems
offer reductions in power for motors and compressors without reducing
cOlnfort; air-lo-air heat-exchangers allow for higher indoor air quality with
substantial heat-loss reductions. Interestingly enough, the trend towards des·
ignated smoking areas could also lead to a reduction in ventilation needs J as
silloke-free areas require far fewer air exchanges than areas where smoking
lakes place.

National surveys as well as information from equipment· manufacturers
indicilae that various energy-saving lechnologies are starting to be adopted on
a large scale. For exalnple, the national survey of conlmercial buildings
conduc!ed by Ihe US Departluenl of Energy showed that high-efficiency
ballasts had been impleluented in 42% of new commercial floor space,
delanlping programs had been implemented in 21 % of commercial Hoar
space. and energy managenlenl and control systems had been implemented in
190/0 of comrnercial Hoor space as of 1986 (53). These and other technological
ilnprovenlenls contributed to the decline in energy use per unit of floor area
during i913-19H6.

COlllinuing technological inlprovenlents in lighting. space conditioning,
and olh~r end-uses wiH lianil future growth in energy use in ·the service sector.
l'hcse'ianproveluents are being stinlulated by Inarkel forces as well as govern
Olent and utility progranls. For exaluple, the federal government adopted
Inini~l1Unl efficiency standnnls for new nuorescent lighting ballasts. These
slilndards, which look effect January I J 1990, are expected by the year 2000
to reduce. electricity utilization in cOlllnlercial buildings by around 0.1 EJ/yr
(cLluivalcn& to 40/0 or electricity use in conunercial buildings in 1988 (51).
MinilHulu cfficiency sliaullanls for fluorescent and incandescent lanlps are
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~hat would obtain if only energy intensities, only sectoral activity levels, or
only intrasectond structure had ch~lnged over thue while the other two faclors
were held constant al Iheir hase-year (1913) values. 'rhe itnpacl of changing
energy intensity is ahnnsl equal and opposite to Ihat of activity, while
structural change led In .uodest incrcases in energy use. Thus reduced energy
intensities had a Inajo[ hnpact on US pritnary energy use.

Figure 21 sUlnlnal"izcs the inlpacls of structurnl changes on US energy use
by sector belween 1973 and 1987. All figures are indexed relative to their
1913 values. It ctln be seen that only in the service and fllanufacturing sectors
did scchnal nctivity grnw nunc rupidly than GNP. Intrasectoral structural
change, on the other hund. placed suhslunti;,t upward pressure on residential
encrgy usc; had relut ively slu;,1I en'ccls in the service, rreight, and passenger
transpor1 sectors; and yiclded significant energy savings in nlanufacturing.
Taken together, the ilnpncts of changes in both activity and structure exerted a
snlall upward innuence on energy usc relative to GNP in the residential and
service sectors and il Sill"" downward innuence in the freight, passenger
transportation. an~ Inanufacluring sectors. In the aggregate, increased activity
levels and structural change would have increased dclivered and primary
energy usc by 35c~. Aclu~.1 energy usc, on Ihe other hand, dccreased by 20/0 in
ternlS of delivered energy, and increased by only 6f*, in tenns of prinlary

UWe omit considcration or ahe rcsidual betwecn tolal primary energy use as reported by DOE
(5) and the primary energy used in the sectors considered in this analysis. It is unlikely that the
evolution or the residual between our figures and those given by DOB-from 12.6 EJ in 191310
approximalely 11.6 ru in •981-l1as an importanl impact on our results.

CONCLUSIONS AND DISCUSSION

The J,npacts of Inlproved EJfi(~iency

figure 20 shows the evolution of prilnary energy use from 1913 to 1987 (sec
also Table I). We give actual primary energy use measured for the sectors we
have considered, IJ and the three hypothetical levels of prinlary e~ergy use

being adopted in Massachuscus (58), and efficiency s~andards arc under
consideration in other stales as wen as at the fedcrai level.

In 1989, the US Deparhnent of Energy ~ssued Inininuun efficiency stan
dards for new conunercial buildings (59). 'rhcse standards arc iuandalory for
fcderally o\vncd buildings bUl voluntary for the private scc@or. States that
follow these guidelines by revising their building codes could signirican@ly
reduce energy use in (he services seclor over the long run. For eXfunpic,
nlodels suggest that new office buildings uleeiing Ihesc standards would usc
15-300/0 less prhnary energy than buildings cOlup1ying with standards widely
adopted in the early &980s (55).

Concerning utility progranls, _nany utilities provide financial incentives
such as rebates (0 slinlulale the adoption of energy-efficient technologies in
lhe service sector. A few utilities even install energy-efficiency measures at
Iheir own expense on the prelnises of their custolners. The nlost effective
utility programs are reaching 70% or inore of eligible custosners and are
reducing electricity use by 10-30%, although most utility prograrns are not
nearly this successful (60). The overall inlpact of utility energy-efficiency
programs is expected 10 grow as Inore utilities ilnplement fun-scale prograills,
programs are improved, and the goal of "least-cost energy services" spreads
throughout the utility industry. ~

One technological Irend-the proliferation of elcctronic office equip
ment-could significantly increase future energy use in the services seclor.
Saturation of personal conlpulers, printers, copiers, fax inachines, etc is
expected to continue growing during the 1990s. One study esthnales that
without efficiency improvements, lotal electricity use by office electronic
equipment could climb by 160-360% between 1988 and 1995 (6 Ilowever,
full use of loday's ,nost efficient hardware could potentially eliminate all of
this electricity denland growth. Thus, with uncertainly regarding both Ihe rate
of growth and the efficiency of new electronic equiprnent, it is difficult to
predict future energy use in the services sector.
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!"igun' 11 Changc~ in llehveretJ energy usc siul'e 191.\. Al'llvicy and structure en-eelS. Uyputhc~

si.:a! PJ1.l-I'JH7 dlan1!e~ in ener~y u~c if unly se(.'lural ell'levil)! kvel per unia of GNP Caclivily
c....c.:u ur ahe ~u.npla~iliun uf a~li\'ilics as uefined in lhe rcsl)Cl'aevc sectors hlrU(:iurc effeeU bad
fulluwed .heir al'haal aaalh~ while aU uther rae'urs had renmineJ ('unsiaut as 191.l levels, The Ilea
e"h~l'a l'apaufcs ahe l"lHllhmell iU'I)at'C uS" (.'haugcs in the Ini~ aulJ level uf &ll:Sivilies in eada seclni
rdaaivc au GNP

energy. In either case. rhe divergence belwecn !he ~wo sets of figures is an
indicaiion of aile SUhSlilluii81 ianracts uf iauprovcd efficiency on US energy
usc.

Which seclors showed ahe grealest reductiuns in energy inicnsily'! figure
22 shows how slnu:lure-adjusled energy inlensity. in ierrns of bOih delivered
and prilnary energy. evulved over liaHe in ciu:h ellli-use sectur. 'fhe declines
varied fnun ) I (A· in nlanuf,lChtring 10 20CA· in passenger inanspurtalion 104 ,5(Yo
for freighl, ~ In priluary aenus, the pen:enlagc declines were I~ss cxcCpl for
lranspon, where Ihey were the Saine,) l'hcse declines aogciher poilU ao a
reduction in aggregatc energy intensity betwecn 1913 and 1981 of the seclors
considered in this rcpofl of 2,1 (A· in tcnns uf delivcred cnergy ur 21 (~, in tenus
of prilnary encrgy, 'I'hesc ilupnlvclHenls corresponu au nel savings of 16,5 1:J
of delivered energy and ItJ,1 I:J uf rriluary energy ai 19M1 activity levels.
l'hal dclivered energy intensity fell anore Ihan prllHaey reflects Ihe fact lhal
fuel intensity feU hy 2()(~1 while eleclricily iUlensily fell by only 8o/tJ.

We can also highlighl lhe aClivilies where ahe Inusl unalubiguuus efficiency
iauprovcHlcnls uccurred: passenger air travel eucrgy intensity declined by
nearly 50(41

• residclllial auti services space healing inlensily by abolll 3Slj'v,
and luanufaclul"ing fuel inlensity by aholll )4C~I. ,\uloIHnbile iuul light truck
vehicle fuel intensity fell hy 2H'A,. but falling load factors offset this iluprnve-

;:j~",.,.. J1 Chan~cs in delivered enerl:!)' use ~ince 191,\. Energy intensisy effect, Hypothetical
197.l-19il1 changes in pranlary and delivered ener~y use if only energy intensities had followed
Iheir actual palhs while sectural activity levels and Slruelure had remainell al 1913 levels.

ulenl in Iravel efficiency. The intensity of electric appliances declined by
some 12o/c.

Sevenll faClors served 10 increase energy demand. 'hereby offseuing in part
ahe ilupact of lhese iluprovelllents. l"ruck freight inlensity increased, in pall
beCiUlse of ahe rise in short-haul light trucking. Changes in lhe nlodal "lix of
passenger lransronaliun raised energy use slightly. I-teated residential floor
area. and the nUluber ur appliances pcr household. increased. Changes in lhe
kinds of services uffered in conunercial buildings, particularly ahose using
cieclricity, raised encrgy use, Structun,1 change in lhe manufacturing sector.
on lhe other hand. tetllo reductaons in lhe production of energy-intensive bulk
Inulerials relative to other products.

Since the energy/GNP ratio is sensitive 10 all factors affecting energy use,
nol just those .hill are conceptually relaled 10 energy efficiency II it is a
luisleading efficiency indicator to the extenl lhat slruClure and activity have
lauporaanl effects. On balance. structural change and, growth in sectoral
activity levels served 10 raisc the level of energ.y use. BUI Ihe growlh in energy
us~ induced by these factors WilS sinaller Ihan lhe increase in GNP II so lhat
changes in the level and slructure of sectoral activities led 10 net reductions in
ahe ~ncrgy/G"NP ralio over the period of analysis. The reduction in the prisnary
energy/GNP ralio between 1973 and 19M7 Ihercfore overstales the efficiency
ianpruveulcnllhal occurred over the period, perhaps by as Inuch as one-founh
of the IOlul reduction in lhe ri"llio.
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The Efficiency
figures 20 and 22 show ~ha( energy efficiency had a considerable
impact on total US primary energy use. Data frorn the ~ast severa~ years t

however t suggest that the rale of efficiency irnpiicd by our
sectoral analyses may be slowing down or even corning to a halt. lne drop in
world o~1 prices in 1986 has begun to have an irnpact on energy intensities.
The energy intensities of some classes of energy-using equiplncnt, such as
new automobiles, are no longer decreasing over time. In sosne applications,
energy intensity is even increasing.

in the residenlial sector, primary and useful energy use per household
declined through 1983 but have increased in more recent years. Ileating
intensity, which had fallen by 4.5% per year through 1983, feU by less Ihan
I% per year between 1983 and E987. Adjusted for structured change, primary
energy intensity also fell more rapidly before 1983 than thereafter. Oy con
trast, the rate of decline in appliance energy intensity increased after 1982,
and should continue to faU because new appliances are more efficient ihan
older ones.

In the service sector t the decline in fuel heating follows the same pattern as
space healing in homes, while the increase in nonheating eiectricity intensity
before 1983 turned to a decline after that time. Structure-adjusted primary
energy intensity in services thus falls "lOre rapidly after 1983 than before,
although the decline appears to bottom-out after 1985. These observations
suggest that efficiency increases in buildings have slowed, although the
hnpact of more efficient electricity use is delayed as the impaci of new
equipment is still being felt in the stock.

The transportation sector shows an intensity plateau, too. The specific rue~

utilization of personal vehicles fen more rapidly before 1983 Ihan in l110re

recent years. This is due to the rapid growth in light trucks during the late
J970s and early 1980s as wen as the relaxation of federal fuel-economy
standards in recent years. The combined fuel intensity of new cars and light
trucks fell by 6.2% per year before 1983 but by only i .3% per year thereafter.
Passenger energy intensities as lueasured in MJ/passenger-knl feU less rapidly
because of the decline in load factors. Air passenger intensity fell iuore
rapidly before 1983 than from 1983 to 1985, but the decline accelerated again
after 1985. Significantly, the improvement in air and automobile passenger
fuel intensities was most rapid during the period of rapid activity growth. This
makes sense: growth in activity implies investment in newer, more efficient
vehicles and higher load factors on planes. Together, these effects lower the
average passenger intensity of the transportation sector. For freight, all
indicators point to more rapid progress before 1983 than thereafter; the ORNL
data, for example, show that no substantial ilnprovements in truck fuel
economy have been achieved since 1982.

In the Inanufacluring sector, on the other hand, there is less evidence of
a slow~own in efficiency irnproveluents. As in passenger transportation,
inanufacturing energy intensity is strongly dependent on changes in sec
toral act.ivity. Energy intensity, adjusted for structural change, increased at
annual rates of 0.3% and 2.2% during the recession years 1980 and 1982.
But in years with strong sectoral growth, energy intensity has fallen very
rapidly. Uetwecn 1983 and 1985, for example, energy intensity fell at an
average rale of 6.2% per year-more than twice the long-tenn average an
nual rate or 2.1%. These nuctuations are presulnably caused by two factors.
First, decreased capacity utilization during recessions leads to the ineffi
cient lise of energy inputs. Second, sectoral growth. permits investment
in new, relatively efficient technology. The response of Inanufacturing ener
gy intensity to the drop in energy prices in 1986 is difficult to gauge in
the absence of manufacturing energy use data past 1985. As we noted
above, the aggregate energy intensity of the industrial sector, which is
dominated largely by manufacturing, decreased by 2.9% between 1985 and
1986 but relnained ahnost constant between 1986 and 1981. But energy
intensity statistics from the iron and steel, paper and pulp, and chemicals
sectors indicate continuing reductions in energy intensity of 1.7 to 4. 1%
per year.

When we asselnble a picture froln each sector, the results are rather
surprising. Structure-adjusted energy intensity fell by 2.35% per year after
1983, but only 1.8% before. For primary energy intensity, the figures are
2.0% and i .5%. Significantly, however, intensity fell by only •.1 and 1.5%
between 1985 and 1987. rrhus the overall impact of energy-efficiency im
provelnenls was Inost rapid between 1983 and 1985, a period of economic
recovery and nat or dcclining real energy prices.

We have not discussed energy prices in detail in this review. It is worth
noting that bctween 1973 and 1983, real prices for natural gas grew at average
rates of 7.40/0 and 13.1 % per year in the residential and industrial sectors,
respectively, electricity prices grew by 2.3% per year in the residential sector
and 5.7% per year in the industrial sector (5); and regular gasoline prices rose
at an average rate of 8.6% per ycar. Detween 1983 and 1981, however, all of
these prices declined in real terms. Residential heating oil prices behaved
silnilarly. That real prices were declining when intensity was falling the most
rapidly seems counterintuitive. Yet we have suggested that time lags in the
systenl, as well as the poor stale of the econolny in the early 1980s, retarded
the replacement of inefficient equipment, and likely slowed investment to
improve existing equiplnent as well. The effect or this improvement was
SW31Upcd, however, by the dramatic crash in prices after 1986, although it is
100 early to judge the "lOre long-tcnn effects.
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(3.8% per year); and tOlal energy intensity feU by 6.6% (2.3% per year).
These results generally confirm the approximations used in this section.
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JrnpJications

Are ahe energy savings ~hat have been achieved over lhe pasi !5 years
pennanen!'! l'he rapid savings in space heating &hrough 1983 luay have been
bolslercd by shon-lerna sacrifices that could wear off with lower prices. Out
ahe savings ahat accuululatcd after i983 were likely achieved lhrough aech
nical inlprovcluenls 'hai are uniikely to be reversed in the near-ternl future.
Savings in cleearicily use in the service sector also appear to be tech
nologically based. and aherefore not easily reversib~e. Savings in personal
vehicles were ahnosa IOlaUy due iO icchnoiogy» nol reduced driving distances.
Even if new-car fuel ecououlY renlains stable al its present value (27 to 28
nlpg nonlinal ll 22 to 23 Ulpg actual). it saill lies 200/0 above the on-road nee!
average. The savings in naanufacturing rnay represent only lhe extension of a
long-tcnn arend, and therefore (night be considered pemuulenL

At the sarne liaue. we ulusl not overlook. lhe impHcations of ahe slowdown
in energy-efficiency iluprovenlenis» which has appeared prianarily in those
sec(ors donlinaacd by consulners: driving and household energy use, and
services. Siulilarly, lbe rapid growth in the aClivity levels of lhe service and
passenger transport seclors anust be borne in mind. As Schipper et at (42)
suggest, increases in free time could drive up energy uses for anes purposes,
as well as for the private vehicle lravel associated wilh out-of-holne services.
That is, a conlbination of the slackened improvement in efficiency indicated
by lhe slowdown and conlinued growth in the volume of key end-uses
structural change-could propel energy uses upward once again.

A return ao growlh could pose significant policy probleuls in light of
scientific concern over lhe role of fossil fuel conlbustion in global etiOlate
change (62). If efficiency improvelnents slow down while slrucaurai change
increases energy delnand further. then policy anakcrs will have to work harder
10 restrain the clnissions that resula. If increased deluand takes up the slack in
world oil luarkeas) the worl<rs economies lua)' see a repeal of ihe roller
coaSler of the !910s and 1980s . 'fechnological progress fostering a reaurn to
hnproved energy efficiency might head off one or both of ahese possable
dilenlnlus. As Carlslnilh ea al (I H) and II irst (49) point OUI. the technical,
econonlic. and policy opportunities are enonuous. BUI as Schipper (63)
warned, policies Inay have caused only a slnaU increment in the total savings
in lhe industrialized countries through 19H5. Achieving lhe potential savings
documented in the literature through the inlplenlentalion of appropriate poli
cies wiH be the challenge of the 1990s and beyond.

NOTE ADDED IN PHO()F Preliolinary analysis of yet unpublished data for
1988 indicatcs that fuel intensity, adjusted for slnlclural change. feU by 6.00/0
(2.0% per year) bClwccn 19H5 and 19HH; cleclricily iniensiay fell by 10.80/0
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