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PASSIVE AND LON ENERGY RESEARCH AND DEVELOPMENT:
A GLOBAL VIEW*

J. Douglas Balcomb

Los Alamos Natfonal _aboratory
Los Alamos, New Mexico 87545

ABSTRACT

Passive and low energy applications in buildings has become a topic of
worldwide interest within the last few years. It has not. been demonstiated
very clearly that indoor comfort .an be maintained with an expenditure of
only 10 to 20% of the energy often required by modern bufldings. This s
accomplished through a combination of conservation measures to minimize the
loed, passive use of solar energy for heating, natural couling, and day-
1ighting. Hybrid systems to assist afir flow or evaporation are often ef-
fective. Accompanying these developments has been an {ncreasing level of
research activity. The major research emphasis has been nn devising mathe-
matical models to gharacterize heat flow within buildings, on the valida-
tion of these models by comparison vith test results, and on the subsequent
use of the models to investigate the influence of both design parameters
and weather on system performance. Th: results have clearly s thet
correct design {s very climate dependent, and many factors must be con-
sidered to obtain the best resuits. To thic end, design guidelines have
been developed, and simplified methods of analysis have been promulgated.
The inftial emphasis was on estimating and uninizin? energy savings. Now
the > this s well established, the emphasis s shifting to maximizing the
comfort and convenience characteristics of the building, which, when well
designed, normally exceed those of conventi~nal buildings, Performance has
been monftored in test modules, test buﬂd'n?l. and many residential and
commercial buildings. The results both confirm good performance and
establish the accuracy of model predictions. A significant change in the
research picture has n seen in the last 4 years; whereas the major ef-
fort was originally tn the Unfted States, research s now betnf conducted
tn many countries throughout the world as many ptople have realfzed that
passive and low energy methods are appropriate {n virtucnz every climate
and are well suited to economic, convenfent, and reliable butlding con-
struction and operatton,

YHOrK perTorwed under the auspices of the US Department of Energy, Offfce
of Solar Heat Technologfes.
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INTRODUCTION

Passive and low energy systems have a number of characteristics that have
brought them to the attention of a world now acutely aware of energy
scercity and high energy prices. These attributes include the following:

(1) Zero or minimal energy use, Passive systems rely entirely on the
natural mechanisms of cenduction, convection, radiation, and
evaporation. Other nonpassive or hybrid systems use a miniwum of
external energy to run such devices as a low-pressure fan, a solar
system circulating pump, or a water pump to wet evaporative cooler
pads. If external energy is used, the coefficient of performance
should be at least 10; that is, 10 times as much energy should be
transported as Trput energy required.

(2) Simple and reliable operation, Passive systems usually are built
as an integral part of the structure using ordinary building
elements such as bricks, concrete, and glass. As such Lhey are
well understood by the occupants and, if maintenance is ever re-
quired, no spectfal skills are needed. Low energy systems tend to
use simple mechanfical devices; infrequent repairs can usually
done with locally available parts and skills, The {ncredible
complexity and poor reliability of some of the early active solar
systems caused a reaction in favor of passive approachss and led
to an emphasis on keeping the system simple.

(3) Low cost and multiple use, These features are combined because
low cost often derives from multiple use. For example, 1f a sun-
space provides & valuable working or connection zone, can be used
as a greenhouse, and is aesthet‘cally attractive, then most of its
cost can be allocated to these functions and the energy benefits
are nearly free. Perhaps the best example 1s a simple window
which (when properly located) provides view, daylfght, ventfla-
tion, and passtive solar gains at appropriate times. Low cost and
simplicity are also closely related,

{4) Good performance. Monitoring has shown that these systems perform
well, both in terws of energy savings and thermal comfort, pro-
vided they are well designed. .

Most passive and low energy systems rely on designing the building to take
advantage of the climate when it {s advantageous and to protect the build-
tng from the climate when ft 1s not. This results in the use of strotegies
which are highly dcgondent on the local climate §nd which require a greater
sophistication on the part of the designer to be able to take advantage of
energy-saving opportunities afforded by the climate. The clready-difficult
Job of the designer becomes even more involved because a whole new set of
fssues and constraints must be considered.

As interest in passive and low energy systems has grown, research and
development has been essentfal to provide both credibility and guidance to
designers. The expertise of the technical and scientific conmunity has
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bean enlisted to avaluate and predict performance, to develop design tools.
and to assist in the development of new products and methods, Inftially,
emphasis was placed on passive solar heating, but gradvelly a much broader
view of building energy issves has led to a balanced consideratioan of con-
servation, winter heating, summer cooling, and daylighting. Also, an
initial emphasis on single residences kas broadened to include multifamily
residential and both small and large commercial buildings. Whereas re-
search and development was originally concentrated in the United States it
has quickly spread to many councries around the world 2ncompassing a wide
range of climates and building traditions.

PASSIVE RESEARCH

Research on passive solar heating has been reviewed recently by Balcomb
(1982) and this work will only be summarized briefly here. A schematic
overview of the key elements is shown in Fig. 1. Mathematical modeling 1s
the critical element providing a bridge between the experimenta! activities
on the left side and the systems analysis on the right side. Thermal net-
work or other mathematical tachniques are used to characterize the heat
flow and general thermal behavior,

Experimenzal Work

Test modules have proved to be especially valuable experiments. These have
ranged from test boxes gf about 1 m on a sice to test rooms of about

13 m2 volume with 2.5 m¢ of glazing and to small test buildings. Test
wmodules in the U.S., described by Moore (1582), are usually operated in
actual outdoor weather conditions and provide an opportunity to obtain
data, usually nn a single passive solar element, under carefully observed
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Fig. 1 Schematic of the kay elements of the research program,



4 J. D. 3alcomb

and controlled conditfons. These experiments have provided the bulk of
data used for validation of the mathematical models, In most cases, rela-
tively simple models have been adequate to predict average temperatures and
back-up heat requirements, For example, combining mass elements can often
be done 15 the only information desired {s about average behavior; whereas,
if detatled prediction of an individual wall temperature is needed, that
wall must be considered separately In the modei.

Spectal experiments are usually set up to obtain Information about one
specific energy flow mechanism. For axample, sim{litude experiments have
been performed by Weber (1978) to obtain data on natural airflow through
an aperture, such as doorway between rooms. The experiments were performed
in the laboratory using a one-fifth scale model filled vith Freon® gas

in order to achieve similitude 1n the important flow parameters. Heat was
transfered from a hot plate at the end of one room through the aperture to
a cold plate at the opposite end of the other room. Correlations were ob-
tained for the heat exchange (in terms of a Nusselt number) as a function
of the room-to-room temperature difference (in terms of a Grashof number).
It wvas determined that the heat exchange {s quite sensitive to the door
height, presumably because of hot gas trapping above the door top.

Performance Monitoring

Whereas detailed results existed from only a handful of monitored buildings
before 1980, there is now a huge volume of dats from the wmonitoring of more
than 100 passive solar buildings in the U.S. alone, representing a wide
variety of climates und design approaches. Most of this data collectfon
has been the result of the Class B monitoring program and, to a lesser
extent, the Natfonal Solar Data Network program. Hourly data from 20 or
more channels are recorded and computer analyzed to determine building
energy requirements, auxiiiary heat, and internal heat, usually summar{zed
monthly. Taken as a whole, these data show very good net performance.
Measyred buflding doad coefficients are usrally in the range of 0.8 to 1.5
W/0m<, whick ts about one-half that of conventional contemporary builg-
fnos. Auxilfary heat requirements "S in the range 0,25 to 0.50 W/fm

in sunny climates and 0.4 to 0.8 W/Cm¢ {n less favorable solar climates.
solar gains offset typically 2% to 75% of the buflding load, There are a
wide variety of butldings in the sample including superinsulated, earth
sheltered, and all the major gmsm system types. Internal heat varies
widely between the various buildings and makes a major contribution to the
heating in some cases. Although no passive ‘ype emerges as the best per-
former, good thermal design is seen to be essential, The energy perfor-
mance of 48 of the monitored buildings 15 summarized in Fig, 2.

A defictiency of the mon‘toring is that evaluation of thermal comfort has
been almost overlooked fn favor of energy performance measures, While most
of the buildings are comfortable, there is a terdency for temperatyre
swings to be too large in some direct gain buildings.

A separate survey by Meier (1984), which includes both passive solar and
other low enargy houscs, finds that space heating energy has been economi-
cally reduced to about one-fifth the level Nguind i{n the average existing
house or about one-third the level ec*{mated for typical new homes.

Data from monitoring are a valuable resource for many purposes, Regression
analysis has been used L2 determine constants in simple thermal network
models using the hourly monitored data, Validation of design tools, such
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MONITORED BUILDING RESULTS
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Results of the monftoring of several buildings. The bars s“-ow
seasonal energy (usually for 5 or 6 months) divided by the build-~
ing floor area and the actual degree days for the season, calcu-
lated for a base temperature of 18.39C (659F), The black

portion of the bar denotes purchased energy; the portion below
the bar 15 internal energy, and t .e black portion above the bar
is auxiliary heat. The total length of the bar {s the total heat
required by the buflding, determined ucing the building heat load
coefficient and the measured inside/outside AT integral. Thuc,
by subtraction, the white portion of the bar is the solar enor?y
absorbed less any vented energy. The state in which the site 1s
located is indicated above the bar. The buildings are rank
ordered according tu auxiliary heat. Severa) bu?ldinf: with Tow
internal heat were unoccupied but were thermostatically controlled
to normal levels,

as solar load ratio correlations, is underway. In addition to the Class B
data, much more detailed data are now becoming available from the Class A
monitoring program. A primary objective 1s detailed and comprehensive
validation of computer simulation models of buildings,

Systems Analysis

Systems analys{s has consisted mainly of running-computer simulation models
through an entire year using historical hourly weather and solar data taken
from a iarge number of sites. The results have been used both to study the
effect of variovs design parameters on performance and as 8 data base for
the development of design tools,

Sensftivity to the selection of design parameiers has ysually been present-
ed as a graph showing how a single parameter, such as Trombe wall thick-
ness, affects annual performance n a particular city. The results are
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depicted either in terms of heating and cooling energy (as in the Cali-
fornia Passive Handbook) or in terms of a dimensfonless solar savings
fraction (as in the Passive Solar Design Handbook). Since there are many
parameters, the job of analyzing and presenting results becomes a large
one.

A variety of passive solar design tools have emerged. Perhaps it would be
more accurate to categorize these as analysis tools helpful in design.
These are normally based on correlation techniques and require much less
calculation than a simulation, although many are quite complex and are most
suitable for computer analysis. Others are more simplified, but usually

at the cost of being less comprehensive.

The solar load ratio method (Balcomb, 1982) has been widely used, in which
correlations for each of 94 passive system types have been developed.
Criculations ere done monthly, based on long-term average tempercture and
sclar statistics; the analysis, however, can be reduced to a much simpler
aniual calculatfon if prepared tables are avajlable for the site of in-
terest.

Balancing Couservation and Solar

A technique has been developed by Balcomb (1980) to determine the optimal
mix between conservation and solar strategies. To obtain an answer, one
needs the cost characteristics of both the passive solar system and the
energy con-ervation features. This information will generally be in the
form of the cost per R per unit area for the wall and ceiling insulation,
the cost per additional glazing for windows, the cost of reducing infil-
tration (including the cost of adding an air-to-air heat recovery unit if
needed), and the cost per unit area for the passive solar collection aper-
ture. Given this information, the method provides simpie equations that
can be used to trace the economic optimal-mix line for a particular locale.

Passive Cooling

Although passive cooling (sometimes referred to &s natural cooling) has
received much attention since about 1978, the evolution from research re-
sults tc quantified performance evaluation, design tools, and appropriate
products has bsen much slower than for passive heating. This is ?artly be-
cause of the nature of the problem. For natural cooling, the building is
frequently open to the atmosphere, for example, to promote natural ventila-
tion, whereas for heating it is normally closed. Thus the prcblem is less
tractable to simple analytical modeling because terrain, external velocity
and pressure distributions, and details of building geometry become rela-
tively mucn more important. A second reason 1s that natural cooling com-
prises a set of strategies which are only related in that the objective {s
to promote heat rejection. These are natural ventilation, radiation, earth
contact, and evaporation. Nonetheless, these .vstems must work together.
Also, it is often the case that the most import.nt strategy is not cnoling
ftsel f but the avoidance of a cooling load through strstegies such as shad-
ing and 1ight exterior colors. The need for dehumidification is often the
remaining major issue when defensive itrategies have been employed. Thus
the problem fs highly interrelated and nonlinear. The main approach has
been brute torce computer simulation, and it has praved to be difficult to
cn;egorize the results into a s‘mple set of guideﬁincs and amlysis pro-
cedures.
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Nonetheless, passive cooling works., Radiative cooling has been the most
researched probably because 1t is analytically the most tractable, It
works best 1n arid climates at night when the sky temperatures are low.
Earth contact has also been well studied; although cooling can be achieved
through earth contact, the amou-ts are small. It {s most appropriate to
midcontinental climates with cold winters and hot summers. The primary
benefit is probably buffering the building facade from the extremes of the
outside climate, An unfortunate side effect is that tha opportunity for
natural ventilation is reduced.

Natural ventilation, especially ventilation at night when outside air
temperatures are low enough, is prebably the most effective passive cooling
strategy. It is also the least amenable to precise analysis and predic-
tion, Major studies and experiments are underwsy to study all these ef-
fects, and more research ‘esults should be forthkcoming in the next few
years,

PASSIVE SOLAR RESEARCH AROUND THE WORLD

The following are a few selected examples of passive solar heating research
bein; performed in various countries to give a flaver for the different
issues being addressed and different approaches being taken.

Portugal

A demonstration and research passive solar test house has been constructed
by the faculty of engineering at the University of Porto. The house, cglled
“thermally Optimized House-Laboratory" has a gross floor area of 145 m

un two levels., It is built in close accordance with contemporary construc-
tion practices and materials except that insulation is added outside the
wall and roof mass to bring the overall daily loss coefficient (per unit
floor area) down 27.5 Wh/ré-C-day. The wall U-vajue, for example, 1s
0.6 W/mé-C. Passive solar collection area s 24.5 consisting of

water wall, Trombe wall, and direct gain. These values are consistent with
conservation and solar balancing guidelines developed for Porto based on
the procedure referenced above.

Simulation analysis has been performed for the building, based on the ther-
mal network model shown 1n Fig. 3, This indicates that good comfort condi-
tions will be achieved and that the building will respond in a very slow
and well-behaved way to ncrmal and extreme weather transients. Total
auxiliary heat {s expected to be avout 1400 kWh during a normal winter
based on 1615 heating degree days (189C base).

The building {s very thoroughly {nstrumented and a microprocessor-based
system is being used for data scquisition and recording. Provision 1s made
to transfer data to a central computer facility for subsequent analysis and
model validation, The building is a very well cenceived response to the
social and climatic and economic needs of Portugal and the results will be
quite valuable in enhancing the credibility of passive solar as well as
¥;ov1ding valusble research results to guide evaluation of design guide-
nes,
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Fig. 3 Thermal network of the Porto solar house, Numbered circles show
points at which temperatures are calculated. Resistor connections
show heat flow paths, labeled G. The model {s driven using out-
side temperature and solar radiation inputs.

o
Argentina

A team of architects, engineers, and physicists has been assembled at
IADIZA (Argentine Institute for Arid Zone Investigations, a government-
sponsored agency) in Mendoza (33 degrees S latitude). The group has been
assimilating information on appropriate climatic design from around the
world with the help of consultants brought in for a few weeks. A small
test house incorporating Trombe walls, direct gain, and thermosiphon solar
water heaters was buflt in 1980 and has provideu valuable feedback to the
group.

Argentina has a large public “ousing program and there are clear indica-
tions that climatic factors should be considered 1n the design (the houses
are sometimes referred to as "horintos" -- 1ittle ovens). The IADIZA group
has investigated means of retrovitting existing houses to be better behaved
thermally and has developed designs for multistory apartment buildings that
will pass the demanding earthquake standards of Mendoza. The favorable
weather conditions of the area indicate that very small heating and cooling
loads can te achieved through good design.

A very different design challenge has been addressed by the group at the
University of Salta for buildings to be located in the d4ltiplano of north-
west Argentina (22 degrees S latitude). The high altitude (3300 m) and
extremely low humidity results in a very sunny but quite cold climate (3230
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degree days) characterized by huge diurnal temperature swings (-7 to +15 C
in midwinter) and a year-round need for heat but no need for cooling.
These conditions cuupled with the Tow latitude lead to different design
strategies such as a central atrium with horizontal glazing. One building
has been constructed with east- and west-facing Trombe walls in addition
to normal north-facing solar collection planes.

China

Reseachers at the Gansu Natural Energy Research Institute at Lanchou in
north central China are setting up a series of test buildings that fnclude
passive solar heating strategies appropriate to the cold, sunny winters of
this continental climate. Favorable Jata have already been obtained on a
modified Trombe wall house at Xinging, The particular challenge for chis
group is to develop approaches und materials suitable for a country where
glass is not readily available in large sizes at affordable prices, and
where there is no established large-scale building insulation fndustry.
Traditional buildings are already designed in accordance with good passive
solar features such as correct orientation, building shape, location of
windows, window overhangs, and high thermal mass. But performance is
limited by high heat losses and poor glazing performance. Results of the
research will te used to guide government policy regarding materials manu-
facture, retrofit of existing buildings, and the design of new buildings
for the 200 million people 1iving 1n this climate zone.

Spain

Researchers at the Gas and Electricity, S.A., on the Mediterranean {island
of Mallorca have built a small test house to experiment on a hybrid heating
system. Solar heat is collected 1n a vertica: air-heating panel incorpo-
rated into the structure of the building's south wall. The heated air is
forced through ducts by a low-power fan to a central partition wall having
labyrinthine channéls built of ordinary brick vv11 tiles sandwiched between
massive wall surface elements. The purpose is to develop a means of dis-
tributing heat from the south side of a building to thermal storage within
north rooms, a common design concern in high-density housing. Heat distri-
bution to the house is by passive conduction througn the wall and radiation
and convection to the space. Daily collection efficiencies exceeding 35%
have been obtained along with very stable and comfortable room tempera-
ture .

A related problem in high-density housing {s the distribution of daylight
into interior rooms Jocated below the upper story. Architect Rafael Serra
at the Unfversity of Barcelona has experimented with vertical ducts which
extend from 1ight ccoops located above tho roof downward into the building.
The sconp and ducts are 1ined with mirrors to obtain high Vight transfer
efficiency, Reasonable 1ighting levels can be achieved in several rooms
fee?i?g off a single duct. The sesthetic quality achieved is excellent andg
exciting,

European Community

Lebens (1983) has reported on a variety of design issues and concerns that
have been addressed 1n a muitinational way under the Commission of European
Communities Passive Solar Program, Their activities include sponsoring two
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separate Furopean Passive Solar Design Competitions, funding many compenent
research and development projects, developing performance monitoring tech-
niques and monitoring buildings, evaluating both simple and simulation de-
sign models, developing design guidelines, constructing test facilities,
and publishing an extensive European Passive Solar Design Handbook. The
overall scope of research work is huge; it is a well-coordinated effort in-
volving nine countries having a similar set of climatic and design con-
cerns.

United States

Research on active solar in the U.S. started gaining momentum in 1974 and
in passive solar in 1978, This broad effort has involved thousands of re-
searchers in both small and large groups located throughout the country at
government laboratories, in universities, in fndustry and industry associa-
tions, and in private offices. Many of the results have been reported at
the annuai conferences and the eight passive solar conferences sponsored

by the American Solar Energy Society. The proceedings of these conferences
provide an access point into most of the U.S. research work.

Research on passive and low energy buildings has decreased dramatically in
the U.S. since 1980 as a result of reductions in government funding, and

is probably at no more than 25% of the 1980 level today. The nature of the
program has shifted from an emphasis on commerci2lization to an emphasis

on more fundamental research and development.

REFERENCES
1. Balcomb, J. D. (1980). Conservation and Solar: Working Together,

Proc. 5th Passive Solar Conf., Amherst, MA. (44-48), American Solar
Energy Society, Boulder.

2. Balcomb, J. DX (1982a). Passive Solar Heating Research. Advances in
Solar Energy, 1, 265-304. American Solar Energy Society, BouTder.

3. Balcomb, J. D., Junes, R. W. (Ed.), Kosfewicz, C. E., Lazarus, G. S.,
McFarland, R. D., and Wray, W. 0. (1982b). Passive Solar Design Hand-
book, Vol, 3, U.S. Department of Energy Report DOE/CS-0127/3.

4, Lebens, R. M, {1983). The Commission of the European Communities
Passive Solar Programme, Proc. 2nd Intl, PLEA Conf., 699-707.
Crete, Greece.

5. Meier, A. K. (1984). Nonitored Performance of New and Retrofitted
Buildings. Proc. PLEA 1984 Conf., Pergamon, London,

6. Moore, E. F. and McFarland, R, D. (1982). Passive So'ar Test Modules.
Los Alamos National Laboratory report LA-942]-MS,

7. Weber, D. D. (1980). Similitude Modeling of Netural Convection Heat
Transfer through an Aperture in Passive Solar Heated Buildings. Ph.D.
Diss., Univ, of Idaho, Los Alamos National Laboratory report
LA-8378.T,



