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Abstract

To shed light on the movement of sustainable technologies from basic science to widespread use, this chapter  
describes key aspects of the quite different paths followed by two important examples—photovoltaics (a 
product) and passive-house buildings (a standard). Discussion of photovoltaics includes the experience curve 
concept, the increasing significance of balance-of-system costs, and the importance of market heterogeneity 
(niches and sub-national markets) to the long-term trajectory of major cost reductions. Discussion of 
passive-houses highlights the array of technical developments needed for present-day energy efficient houses, 
and the relevance of  “stretch” standards to the development of  a market for very high-performance houses.

Introduction

Climate change and other societal and planetary issues call for human energy systems to be sustainable. 
Achieving this not only needs imaginative, sound basic science but also determined, effective effort which 
brings sustainable systems into widespread use. What follows in this paper are remarks about certain 
significant features of  the latter kind of  work. How does it happen? How well are we doing? 
I will not attempt a systematic overview. Instead, I will  pursue two themes—lab to market and system context
—using two main examples—photovoltaics and passive-house buildings—which are following quite different 
paths. The material is not novel, but the emphases and juxtapositions here may help readers interpret reports 
of  progress in sustainable energy and manage their expectations about timing and degree of  improvement.
The standard tag phrase “lab to market” encapsulates a widely shared picture of how energy systems advance: 
researchers in labs discover new physical possibilities which promise improvement in provision or use of 
energy for human purposes; for such promises to bear fruit, they need to become embodied in goods or 
services which are offered in “the market”; between lab and market comes a phase of prototyping and 
development of  marketable applications. 
It is easy to forget how different the relevant labs, markets and development processes can be from each 
other. A simple example, the AA battery, makes the point very directly. The public and academic discussion of 
how electric power is to be provided in the US is permeated by cost considerations—estimates, projections, 
comparisons, recommendations. The nearly universal reference point is the present cost of electric power to 
households and businesses, for which a representative number is 13.4 cents/kWh. Debate rages over schemes 
that differ in cost by a few cents per kWh. But all  the time most of the debaters are happily paying 21,200 
cents per kWh for the power provided by AA batteries to their flashlights or TV controllers.1  In short, there 
is no single market for electric power. And there is no single research and development pathway. This paper’s 
two examples, photovoltaics and passive-house buildings, stand in strong contrast to each other, as we will 
see, and the same goes for other modes of  sustainable energy.
The second theme is closely connected to the first. Energy in its various forms becomes available to society 
through systems, not through individual devices or concepts. While an isolatable discovery, often from 
physics, is usually a core element, no energy can be used unless a sufficient set of internal and external 
auxiliary arrangements are in place. The humble wall socket is an excellent example. No matter how advanced 
the electric power generator, it would be useless in a country that had only US sockets and UK plugs. The 
point is obvious, but often ignored in advocacy writing, general news accounts, and even policy discussion. 
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1 October 2016 average US power price, from http://www.bls.gov/regions/midwest/data/
averageenergyprices_selectedareas_table.htm; Duracell Standard batteries retail for $0.53 each (Amazon December 
2016), company data-sheet (https://www.duracell.com/en-us/techlibrary/product-technical-data-sheets?
region=262&code=MN1500) allows an estimate of  2500 mWh stored. 
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Both photovoltaics and passive-house buildings depend for their progress on the parallel development of all 
essential system components, as does the rest of sustainable energy. The components themselves differ 
greatly from mode to mode, but in every case it is a system that must develop, not just one key element.
A final introductory comment bears on the investment required to shift US energy provision to a sustainable 
basis. The International Energy Agency estimates over $22 trillion would be required globally over the next 
25 years in shifting energy provision to a low carbon basis, i.e. one consistent with a 2C global temperature 
rise. [1] The US share is a large fraction of this amount. Such a vast sum can be intimidating, but investment 
of this scale is already tacitly assumed viable by the present, unsustainable global energy system. The vast 
scale is not itself the problem. This is the message of work by Davis et al  (Caldeira, 2015) graphically digested 
in Figure 1.

As existing infrastructure goes out of service, its emissions will fall. All projections of CO2 emissions, 
whether high or low, business-as-usual or new-policy assume that new infrastructure of some kind will take 
its place. Tacitly, this assumes that capital will be available to make the needed investments, even for the high-
emission scenarios. The encouraging insight is that if capital at this scale will be available to finance business 
as usual, it could be redirected to investments in sustainable energy. The multi-trillion dollar scale is not of 
itself  a limitation. The world is already planning to make investments in energy at that scale. 

Progress case study 1: photovoltaics

The isolatable discovery for photovoltaics as a leading sustainable energy technology is the observation by 
Ohl in 1940 that current flowed in a cracked sample of crystalline silicon when light shone on it. 
Investigation revealed that he had inadvertently made a p-n junction, with the sample’s crack marking the 
boundaries between p and n regions. Ohl patented the configuration as “Light Sensitive Device.” [23]  Its 
efficiency was about 1%. The discovery was not immediately developed, as World War II intervened, but was 
pursued actively at Bell Laboratories, the patent assignee, after war ended in 1945. What is widely regarded as 
the first practical solar cell was built in 1954 by a Bell Labs team.[3] At 6%, its efficiency was an order of 
magnitude higher than commercially available photocells of the time, which worked on different principles. 
“Practical” for this cell does not mean that it was commercially viable in 1954, only that the potential  for 
considerable improvement was recognized at once. The first notable application came in 1958, when solar 
cells were fitted in a device for which component costs were not a limitation—Vanguard I, a very early Earth 
satellite. 
Efficiency-oriented photovoltaic cell development has been intensive from the 1950’s down to the present. 
Efficiencies doubled by 1975, to 13% for single-junction silicon cells, and about 22% for two-junction cells 
with concentrator. Elsewhere in these Proceedings, Wilson [36] shows NREL data on progress in research-
cell efficiencies since 1975. The best multi-junction cells reach about 45%, and single-junction performance  

Figure 1. Carbon emissions over time of  future infrastructure compared to 
emissions from present infrastructure. Source: [2]
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is in the upper 20’s. Generally, upward progress in efficiency has been slow but continuous over the entire 
period displayed.
Renewable energy flows generally have low energy density compared to flames or fissionable nuclei. If they 
did not, life could hardly have evolved on this sun-lit, wind-blown Earth. But this means that much larger 
land areas are required to provide meaningful amounts of power from renewables than from combustion or 
fission. The primary relevance of PV efficiency improvements is reducing this area, with corresponding 
reductions in structures and equipment, in their embodied energy and other impacts, and in costs generally.
To illustrate, consider a mid-American household that considers supplying all  its electric needs from solar 
cells. The average US residential  electricity customer used 10.8 MWh in 2015. [24] A mid-US location, say 
Kansas City, receives 1.6 MWh/m2-yr of global horizontal  radiation [25], so a new mid-sized ranch-style 
suburban house (2500 sq.ft.) receives about 34 times that amount in raw radiation, nights and bad weather 
included. The original 1954 cells, at 6% efficiency, would require 2/3 of the roof area to supply the average 
need, whereas a present-day commercially available module, at 21%,2  would only need 1/5. The three-fold 
reduction in roof coverage means dramatically lower costs, even before any reduction in costs, which 
themselves have been dramatic since 1954.

Experience curves for photovoltaics

The enormous reductions in PV unit costs since 1954 are striking in themselves and a good occasion for 
introducing the experience curve phenomenon, a well established but little understood regularity in the way 
manufacturing costs evolve over time. Figure 3 tells the story. Over the past 35 years, the price of 
photovoltaic modules (cells plus protective glass and frames) has fallen by two full orders of magnitude, from 
$70/watt in 1976 to something like $0.70/watt in 2012. This unremitting trend now puts photovoltaic 
electricity within reach of its most severe competitors, central-station grid power fired by coal, gas, or nuclear 
energy.
The decline in prices has been surprisingly steady, as dramatized by the considerable linearity seen in Fig. 3. 
This is a log-log plot, so straight lines represent power laws; here, the fitted line, called the experience curve 
or sometimes the learning curve, corresponds to

pv module price = (cumulative capacity)-0.366

which means a 22% price drop for every doubling of  the cumulative global manufactured PV capacity. 
This is quite remarkable. This power-law behavior extends over several  decades of economic turbulence, 
shifting government policies, and corporate startups, reorganizations, mergers and buy-outs, all taking place in 
several countries around the globe. There is no obvious linkage between the different producer organizations. 
Yet the trend is steady. Divergent periods, like the years just before the global recession of 2008, are followed 
by returns to the trend-line. Something powerful is going on.
Power-law experience curves show up in many different manufacturing histories (Fig. 4). PV is not unique. 
The exponents vary, but log-log plots are widely found to be linear. This deepens the mystery of explanation, 
but reinforces the expectation that power-law experience curves are a reliable feature of manufacturing and 
marketing. 
Readers with physics background will be surprised by one feature of the extensive literature on experience 
curves.3  It contains very, very little quantitative theorizing or modeling about the mechanisms by which this 
well-established regularity comes about. There is qualitative discussion of the many plausible things that may 
be at work, but only a few attempts to show that power laws are to be expected, and essentially no attempts 
to explain the observed values of the exponents. An authoritative IEA review puts it this way: “In spite of 
the overwhelming empirical support for the experience curve, there is still no theoretical explanation for the 
form of  the curve or the value of  progress ratios.” [5]
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2 Module efficiency from a UK commercial comparison site [26]; the estimates include a 30% reduction for the variety of 
losses in inverters, etc, that occur between module and delivered power [27]

3 See [5], [6], [7] for reviews  



Fig. 3 also shows the use of experience curves to project future performance. The temptation to extend a 
multi-decade straight line another decade or two into the future is very great, despite the absence of 
theoretical justification. 

The search space for efficiency improvements and cost reductions

It is generally assumed that experience curves are the result of continuous searching by manufacturing 
workers for ways to reduce unit costs. The search space is inhabited by a large number of possible 
modifications and improvements, and as search encounters one which would lower unit costs, typically 
measured in $/W, it gets adopted. 
The core phenomenon of a PV cell, electron hole pairs being created by absorption of solar photons and 
then swept apart by a diffusion-created field at a p-n junction, is subtle but simple. Creating the p-n junction 

Figure 4. Comparative experience curves for electric power sources in the European Union, 1980-1995. (Note 
that this is in terms of  power produced, not generation capacity.) Source: IEA, 2000 [5]
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Figure 3. PV module experience curve, 1976-2012, with projections to 2035. Source: IEA, 2014 [4]



is straightforward, despite the need for close control of doping parameters. However, fabricating a high-
functioning PV module is very elaborate. Aside from the primary junction, additional doping and coatings are 
used to control electron-hole recombination in the bulk and at surfaces, electrical contacts need to be 
supplied, reflection of incoming light from the silicon surface needs to to be reduced as much as possible, 
among other performance enhancing measures. Between most steps, chemical cleaning is required, as well as 
mechanical handling. The silicon ingots from the crystal growth stage need to be cut into the thinnest 
possible wafers for doping. Once prepared, the wafers need assembly into modules, with exterior electrical 
connection and sturdy, weather-proof glass and metal packaging. Surrounding all of this fabrication are the 
logistical and procurement operations that ensure the availability of the solids, liquids, and gases used, and the  
dispatch of  finished modules.
Every detail  in such a production process is a point of potential improvement, but devising and testing actual 
improvement steps is costly and time-consuming. One would expect significant cost/performance 
improvements to appear, if business conditions allow suitable time and flow of funding. The existence of 
multiple markets has been crucial in providing such conditions for photovoltaics.

Market niches and photovoltaic development

Much of the policy discussion about photovoltaics has revolved explicitly or implicitly around the notion of 
grid parity. This is the cost level at which photovoltaic power is no longer more expensive than conventional 
power supplied through grids. At that point, goes the thinking, PV can begin to make a significant difference 
to carbon emissions, energy security, and the other upstream and downstream impacts of fossil and nuclear 
sources. The discussion which follows will  imply that grid parity in practice is far less definite than the simple 
definition would suggest, but it is helpful as an organizing notion, even if  not as a cost target.4

As of this writing (2016) photovoltaics are within sight of grid parity in favorable US locations, but all  their 
history to date has been with costs well above that level. This raises an important question: if PV power has 
been markedly more expensive than conventional  grid power, how could any of it be sold? Why would 
anyone pay extra? How could cell producers accumulate the experience needed to bring down the costs this 
far?
The answer is that the market for electric power is not homogeneous. This paper’s opening contrast of the 
wall socket cost of power to the AA battery cost is only one illustration of how the general power market 
consists of several submarkets, each with its own bundle of needs and constraints. Figure 5 gives some details 
of these submarkets at work in Japan during the first 25 years of commercial photovoltaics. In those years, 
providing mass market pocket calculators with small photovoltaic strips instead of batteries was a bigger 
market than grid power, and even bigger than off-grid power in Japan. Signals and lights, for example PV 
systems for 256 Japanese lighthouses, were occasionally important as well. Such markets could never be large 
enough to shift Japan’s national energy balances much, but they were settings where PV could be competitive, 
and as such were stepping stones toward progressively lower cost.
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Similar niche markets developed in the US. The most significant was the space program. The satellites of the 
1960’s- 70’s had low power requirements, and needed light weight, reliability, and renewability in their power 
sources. Photovoltaics filled this bill, though their power cost orders of magnitude more than grid power. The 
US space program and Department of Defense together provided more than half the global  market for PV 
in this early period.[8] Moving into the period covered by Fig. 3, there were PV markets from telecom 
repeater stations, livestock watering, [28] and various safety, control and signaling applications. Modest power 
needs at sites more than 1-2 km from existing grids could often be supplied by PV. Such off-grid non-
domestic uses continued important into the 1990’s, accounting for over 31% of world installed capacity in 
1995.5  Off-grid domestic PV installations were at least another 26% of world capacity. These again were 
niche situations, easy to dismiss as minuscule in relation to total power supply in industrial countries, but vital 
in growing the PV industry toward its eventual ability to serve large scale demand.
The 1995 figures also show the birth of on-grid PV, in which niche situations also played an important role. 
For example, there were on-grid installations aimed at strengthening the grid’s resilience by partly serving 
heavy peak load at locations with low-capacity feeders. PV could already prove cheaper than upgrading the 
feeder line. This brings forward a more general truth about grids:  the quality of grid power, its voltage and 
frequency stability and reliability, vary from point to point within the service area. To keep quality within 
acceptable tolerances, grid operators need switchgear, transformers, redundant circuits, and other equipment. 
As in the above example, it can happen that additional power generation away from the major central plants is 
the economical  way to maintain power quality. In that case, the additional power becomes part of the cost of 
grid service, and its cost relative to central station power is immaterial. 
Another truth about US grids is that they all provide distribution to more than one utility. The latter each 
have their own pricing structures, so there is no single price for US grid electricity. This is fortunate. To keep 
a technology moving along its experience curve, capacity increases need to grow steadily in order of 

Figure 5. Niche markets for photovoltaics in Japan, 1975-2000. Source: [8]
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5 [10]. This percentage does not include pre-1990 installations, as IEA could not break down pre-1990 estimates into 
their categories. The pre-1990 total is significant (14% of  the 1995 total); it is reasonable to assume it was mainly off-
grid, which would make the full off-grid capacity 70% of  world capacity in 1995.



magnitude. This is the message of the log-log plot. The niches that allowed global PV capacity to grow to the 
mid-1990’s figure of about 200 MW could not absorb additional PV at the scale needed for sufficient further 
cost reductions. Many US utilities operate at this larger scale, and the spread of prices means the possibility of 
them serving as stepping stones for the next section of the experience curve. In fact, this has already begun 
to happen, in California and the Southwest. 

Balance of  system

As the cost of PV modules has come down (Fig. 3), the so-called “balance of system” costs have become 
ever more prominent. These include mounting structures, installation labor, DC-to-AC inverters and other 
interconnection gear, engineering, cables, insurance—in short, everything needed for a functioning PV system 
in addition to the modules. Figure 6 shows a typical set of balance-of-system categories and costs for a 
generic US location. The total, $1.43/W, is significantly larger than the $0.80 $/W module cost indicated for 
the year 2011 in in Fig. 3. The two figures come from different sources, using different methods and with 
different interests at stake, so direct comparisons between them are shaky. But the basic message is well-
grounded: PV modules now represent less than half the cost of PV installations. Recent data from the 
National Renewable Energy Laboratory (NREL) on prices for installed (i.e. complete) systems quotes $3.10/
W as typical for a residential system, of which balance-of-system items comprise $2.40/W, or 77%. 
Commercial and utility-scale installations have somewhat smaller but quite comparable proportions (68% and 
67%, respectively).6

Those wishing to make PV electricity ever cheaper must therefore work hard on the balance of system. Some 
of the desired reductions can come from hardware improvements, e.g. in racking systems or inverters, but 
equal or greater effort is needed on the “soft” costs, which include engineering, permitting, construction of 
the facility, and even things like customer acquisition. 

Grid parity

As mentioned above, grid parity is a fuzzier business in practice than it seems in armchair discussion.7  Figure 
7 encapsulates its complexity well. Five distinct dimensions of the PV cost situation are presented. Cost itself 
appears as the vertical axis (units of $/kWh). The center of each bubble represents the 2012 grid price to 
residential customers of the given country and the electric energy yield of current PV in that country (units 
of kWh delivered/kW rated capacity). Clearly the averaging and extrapolating involved in reducing the 
complexities of geography, local economy, and solar availability of a given country to a pair of numbers is 
considerable, but the approach does capture the large differences in national costs and solar potential fairly. 

Figure 6. Balance-of-system cost breakdown (in units of  $/W) for a typical 10 MW, fixed tilt, 
multicrystalline silicon project built in the US in 2010. Source: GreenTech Media [31]
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6 [11]. The unit $/W refers to cell power at standard test conditions.

7 An interesting extended discussion appears in [12]



Further fairly heroic assumptions enter the two curves marked LCOE (levelized cost of electricity). This 
number is the constant price per kWh that would generate exactly the revenue to meet all running costs, pay 
off all loans, and generate standard profit over the life of the facility. The calculation is standard in the 
industry, generating little comment about the assumptions of constant interest payments, predictable dispatch 
order, constant operations costs, and the like over the standard service life of 30 years. The approach has the 
advantage that it has general acceptance in the industry for comparing investments in power generation. 
The two LCOE curves in Fig. 7 both slope downward toward the direction of greater sun. The horizontal 
axis brings forward a needed bridge between the capacity of a PV installation and the power it will actually 
produce in a given location. Fig. 7 makes broad locational differences in solar potential visible by each 
country’s placement along this axis. Note that this axis is bounded: full sun all  year would give 8760 kWh/kW. 
The observed numbers are all lower, reflecting hours of darkness and reduced insolation from cloudy 
weather, as well as reduced output from non-normal incidence during the Sun’s daily cycle.
The LCOE for sunnier locations should be lower than for cloudier, since they produce more energy for the 
same investment, and it is. The LCOE difference between sunny California and cloudy Germany is roughly a 
factor of  two, in accord with the ratio of  solar yields. 
The bubbles in Fig. 7 refer to the existing situation in each country. Photovoltaics have no influence on a 
country’s average costs at present.  The LCOE curves refer to photovoltaics that might be added to each 
country’s portfolio. Price parity is then represented by the country’s bubble falling above the LCOE line. We 
can see that price parity (by this measure) already existed in 2012 in Denmark, Germany. Italy, Spain, Australia 
and Hawai’i. The LCOE lines are misleadingly narrow, as available insolation, detailed financial arrangements, 
etc differ from location to location. The bubbles may also mislead, as their size is not related to solar 
potential, nor to a range of grid prices, but rather to the size of the potential residential market in the given 
country. 
Decisions about the actual provision of power are made at a much finer grain than national averages. 
Whether householders or utility committees, multiple factors are in play, most of them specific to the 
particular situation.8 Utility power purchase agreements (PPA) are a good case in point, and furthermore, they 
represent real actions, not policy scenarios or projections. Figure 8, based on NREL data from an annual 

Figure 7. Residential PV price parity, 2012. EMEA = Europe,Middle East, Africa; ASOC = Asia and 
Oceania; AMER = Americas. Source: [9]
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8 A classic paper by Wilk and Wilhite [13] lays out some of  the noneconomic factors that can figure strongly in 
householders’ decisions.



survey of utility-scale PV projects, show the strong downward price trend of the past ten years: real levelized 
prices have dropped by a factor of  four. 

Power purchase agreements are contracts between power providers, in this case PV developers, and power 
sellers, typically utilities. These are wholesale transactions committing to 20-30 years of service by large 
projects. The quoted price does not cover utilities’ own costs of distribution and administration, which helps 
explain the difference between the prices in Fig. 8, recently at or below $50/MWh, and the average retail cost 
of  power in the regions served, for example California’s average of  about $150/MWh [29].
The downward trend in Fig. 8 brings utility-scale PV prices near but not yet even with conventional wholesale 
power prices. A representative figure for the latter in 2015 is $35/MWh.9  Once again, the actual market for 
electric power is more complicated than casual awareness would suggest. The very existence of the 136 
contracts represented in Fig. 8 demonstrates that there is no single market price for wholesale electricity, and 
also shows that PV providers can sell power for prices well above national wholesale averages. What is at 
work here includes regulatory requirements for renewable energy presence in utility portfolios and hedging 
against future fuel cost increases, among other factors. A full discussion is well beyond the scope of this 
article.10

Progress case study 2: passive-house buildings

Breakdowns of US energy use customarily distinguish between transportation, industry, commerce and 
residences as major categories. Commercial and residential  uses relate very strongly to the buildings that 
house them. Essential functions, like heating and cooling, lighting, hot water, distributed electric power and 
communications, are as much a part of buildings as the shelter they provide from rain or wind. Taking all this 
together, buildings account for some 40% of US annual energy use, indeed close to 50% when one counts 
the annual energy consumed in their construction.
In the search for sustainable energy systems, buildings constitute a major contrast to photovoltaics. The issues 
concern the use of energy more than its production; design and construction are fragmented and project-
centered industries, not consolidated and mass-production-centered; they are highly regulated, mainly through 
multiple small jurisdictions, rather than falling under more general national rules; building owners and users 

Figure 8. Trend in levelized prices for US power purchase agreements (PPA) for 
utility-scale PV projects, 2006-2015. Source: [14]
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9 Average of  daily weighted average of  day-ahead peak power contracts at 8 selected hubs. [30]

10 Periodic overviews from Lawrence Berkeley Lab, e.g. [14] are good places to start a deeper investigation. 



regard energy as a background service, not their primary business. These major differences make the lab-to-
market question for buildings quite distinct from that for photovoltaics.
I take one segment of this sprawling sector, the so-called “passive house,” as a second instructive case study 
in progress toward sustainable energy. The term refers to an approach to residential buildings which grew up 
in Germany (hence one also sees it rendered in its original language—“PassivHaus”) from the mid-1990’s. 
The approach has roots in the North American “superinsulated” house designs of the late 1970’s.  
Researchers and some independent minded builders in the US Midwest and Massachusetts and the Canadian 
central plains realized that heavy insulation and very tight construction against air leakage together would 
allow radical downsizing or even elimination of furnaces for heating. The heat given off by household 
appliances, lighting,  and hot water heaters, and by the occupants themselves could provide satisfactory 
heating, even in the severe conditions of  places like Saskatchewan. 
The idea appealed to north European building science researchers, in particular to Wolfgang Feist of 
Darmstadt, Germany and Bo Adamson of Lund, Sweden. Their understanding of relevant physics and 
Adamson’s contact with traditional buildings in China and elsewhere gave them a good base for some test 
buildings in northern Europe. A visit by US soft path energy advocate and analyst Amory Lovins set Feist on 
the path of developing a clear, practical, and ambitious energy target for low-energy residences. The result 
was a standard, not a product.  By 2012, 57,000 buildings in 31 European countries had been certified to the 
Passive Building Standard.[15] Details are discussed below.
The difference between developing a product and developing a standard is a vital one. Design, production 
and testing of a product can be tightly controlled, so the ultimate object and its performance can be very well 
defined physically. A standard is not a physical  object, but a set of criteria to be applied to objects made by a 
variety of producers and used in a wide variety of settings. Housing presents immense variety. Building 
materials are mass-produced, but buildings themselves are not. Marilyn Brown of Oak Ridge has correctly 
called them the largest hand-made objects in the economy. The industry is very fragmented: the largest 95 US 
firms account for less than 5% of total employment; there are over 200,000 firms employing 4 or more 
people. Codes, climate, affluence and other critical factors vary widely over the US, and with little cross-
correlation. Standard, not product, is the right approach for this context. 
The basic physical concepts directing passive-house construction have been well  known for many years. 
Houses in cold climates gain thermal energy from circulating fluids (air or water) heated by furnaces, from 
solar radiation through transparent surfaces, and from the operation of all mechanical and electrical devices. 
They lose thermal energy by conduction, convection and radiation through exterior surfaces. Before the 
OPEC-based energy crisis of the 1970’s, the philosophy of household heating was basically to install a large 
enough furnace to more than supply the losses expected from conventional construction on the coldest day 
of the year.11  The passive-house insight was simply that conventional means could be combined to achieve 
quite unconventional results: with insulation thick enough, windows improved enough, and air leakage 
reduced enough, one could dramatically shrink the furnace, even to the point of  not needing one.
Putting this insight into practice was quite possible with the building materials of the 1970’s, or even with the 
materials of a hundred years before. In 1893-94, Fridtjof Nansen’s polar exploration ship Fram overwintered 
in the Arctic ice and was able to leave its stove unused, thanks to heat generated in cooking and lighting, the 
occupants’ body heat, and a highly insulating hull and deck made of layers of felt, cork and wood panelling 
totaling 15 inches in thickness.12 But to move the passive-house notion from such a unique situation to mass 
market readiness in the 1990’s required two or three new materials, market reorientation for several existing 
materials, much improved computer models, and significant changes in building practices.

One new material was Tyvek®, the first synthetic house wrap. Tyvek is a non-woven sheet product made by 
dispersing olefin fibers randomly onto a mat, and bonding them with heat and pressure.  Actually discovered 
in the 1950’s at DuPont and first used for packaging, it was eminently suited for a building industry sensitized 
to the issue of air leakages. Building envelopes have always faced a contradiction in handling moisture. Rain 
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12 [32]. Though this arrangement was thermally effective, the air quality inside Fram was probably bad.



should stay out, while moisture generated inside a building should not be retained, lest mold or rot set in. 
This was resolved by blocking liquid water while allowing movement of water vapor. Traditionally there was a 
waterproof layer of building paper or brick combined with loose enough construction that normal daily 
inside-outside pressure differences from wind and the like would flush a building’s air volume adequately. The 
energy consciousness of  the 1970‘s-1990’s made much more airtight construction desirable. 
The need was for a material which holds back liquid water while allowing water vapor to pass through. Tyvek 
was the first industrial-scale product with the right balance of these properties. Its commercial success 
prompted the search for analogues, which have duly appeared, and what are often called “breather 
membranes” are now a standard feature of  house and office construction. 
Even more significant materials improvements have occurred with windows. Heating season losses and 
unwanted gains in cooling season can both now be much reduced from 1980’s levels. 
Windows impose energy losses in all three modes of energy transfer—conduction, convection, and radiation. 
Some losses can be reduced straightforwardly, others have called for technical advance. Window frames are 
natural sites for air leakage, especially when windows are openable, but design and construction of good fit 
and good seals can deal with this. Conduction is the big problem. Window glass contributes almost no 
insulation itself. Resistance to conductive heat flow by a pane of glass is almost entirely due to the nearly 
stationary boundary layers of air on either side.13, 14  This means not only that heat flows readily through a 
glass pane, compared to the walls around it, but also that the outside surface of the glass is much warmer 
than the wall surface, raising radiative losses as well.
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13 Van der Waals forces hold thin layers, 1-4 mm, of  air in place against breezes and drafts.

14 Air is a useful reference for insulation against conduction. Air’s conductivity at STP of  0.026 K-m/W is the lowest of  
ordinary materials, and it is stationary air which does most of  the insulating in insulating materials—their volume is 
mostly gas, the foam or fiber structure mostly serving to hold the gas in place.



Figure 9. Change in surface temperatures of Frankfurt housing block renovated on passive-house principles. Left: Pre-
renovation. Right: Post-renovation. False-color reference spectrum at lower left is almost linear from -3 to 5.5 C. Note 
numerous thermal bridges in pre-renovation facade.

Source: Passive House Institute

All surfaces warmer than their environments lose heat by radiation. Common building materials radiate an 
approximately black body spectrum in the infra-red, reduced by an emissivity factor which ranges from nearly 
1 (plain glass, paint, asphalt) to nearly zero (polished metals). For a single-pane window in the heating season, 
radiation is about 25-30% of total heat loss. A key technical development has been development of “low-e” 
transparent coatings which have very low emissivities (0.10 or so). These are doped semiconductor films or 
metal/dielectric layered interference films [16] which transmit in the visible but reflect strongly in the infra-
red. High reflection means low absorption, and by Kirchoff ’s Law, also means low emissivity. Low-e films 
have moved slowly but steadily from lab to widespread availability and use since the 1990’s. They partner well 
with the older but very important technical move of multiple glazings. The interior air spaces in such 
assemblies provide surfaces protected from chemical and physical attack, and sharply reduce conductive loss 
as well because they provide a much thicker layer of  still air than the boundary layers of  exposed surfaces. 
In the overall  performance of these improved windows, conduction through frames and edge seals has also 
called for reduction. The aluminum frames common in the 1970’s were textbook examples of “thermal 
bridges,” localized elements which provide low-resistance heat flow paths through building envelopes. Beam 
ends and projecting floor slabs are other common thermal bridges. Blocking the low-resistance paths in 
structural elements requires considerable ingenuity. Windows have been an easier problem: low-conductivity 
breaks can readily be incorporated, of course increasing the complexity of manufacture, but not radically 
raising the cost of window frames. Given the inertia and great cost-consciousness of builders, adoption has 
not been fast, but it has been steady, aided by a steady upward trend in building code requirements.
The tightness of passive-house construction requires mechanical ventilation, which in turn calls for effective 
heat exchange between outgoing air and incoming. [17] “Heat recovery” (sensible heat only) and “energy 
recovery” (enthalpy, i.e. latent as well as sensible heat) systems are now widely available.
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The opaque surfaces of a building are also major sites of heat loss. In principle, these can be reduced to any 
desired level by insulation. In practice, a variety of difficulties have had to be resolved. The marginal 
effectiveness of additional insulation thickness declines with each additional layer, while its cost remains 
steady, so cost-effectiveness calls for limits on thickness. Less obviously, thicker insulation has required 
numerous modifications in construction details. Stud wall construction, standard in the US, makes the space 
between studs available for insulation, but only to the depth of the stud, usually 3.5 inches in the 1970’s 
(“2x4” studs), now quite commonly 5.5 inches (“2x6” studs). To get to the passive-house level, 10 inches or 
so are needed, which entails insulating panels and associated fastening systems, or a double-wall construction. 
Increased insulation also makes thermal bridges proportionately more significant, requiring innovative 
structural details, as mentioned above. Joining floors to their supporting walls, for example, must have a 
significant  insulating layer outboard of the joists, for example, rather than straightforwardly carrying the 
joists nearly through to the exterior. 
Another key area of technical development is computer estimation of building energy use. Certification of a 
building under the Passive House Standard, to be described shortly, relies heavily on the modeled 
performance of the proposed design. Most other standards and studies of high-performing building also 
make heavy use of modeling. LEED ratings, for example, depend on comparing modeled energy uses, a 
proposed design versus a similar shell in the same location but with default components. 
The past 40 years have seen extensive effort in developing energy models for buildings. This is not the place 
for a detailed review.15  The Passive House Standard originally required the use of a specific model, PHPP 
(Passive House Planning Package), which calls for very detailed specification of structures, spaces, and 
materials in a proposed design, and uses monthly average climate information for the proposed location and 
the basic engineering relations for heat loss by all three modes. 
None of these details have proved roadblocks, but the very fragmented residential construction industry 
consists largely of  small, low-capital firms, so new methods diffuse slowly.

The Passive House Standard

Slow diffusion of technical methods in the building sector has been addressed by purely informational efforts 
such as workshops, briefings, articles, and seminars; by regulatory moves such as stiffening of building codes; 
and by an interesting array of voluntary standards and policies. The latter, which mobilize societal pressures 
and incentives without imposing legal obligations, have been central to the advance of the passive-house 
approach. 

Figure 10. Basic components of  residential energy or enthalpy recovery system. Source: Building America 
Solution Center [[ref: https://basc.pnnl.gov/resource-guides/whole-building-delivered-ventilation
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15 Fumo [18] shows the range of  approaches and gives links to comprehensive reviews.

https://basc.pnnl.gov/resource-guides/whole-building-delivered-ventilation
https://basc.pnnl.gov/resource-guides/whole-building-delivered-ventilation


The most familiar voluntary standard in the building sector is the US-originated LEED (Leadership in Energy 
and Environmental  Design) standard, of which the first pilot version launched in 1999. There was much 
interest and action at that time about green building, but also much room for misunderstanding and outright 
deception about whether building called “green” were actually environmentally sound. The role of a standard 
is to establish “a measure, norm, or model in comparative evaluations”. [33]  LEED does this by defining a 
set of possible green attributes of a building, with points awarded for each one included in a given project’s 
design. The range is broad—57 items in the current version, covering energy, water use, materials, siting, and 
other topics. Each included item must be documented in a prescribed way. If a project’s point total reaches a 
defined level, the project is entitled to call  itself “LEED Certified,” and three progressively higher levels—
Silver, Gold, and Platinum—are also available. 
Importantly, LEED has been a private sector initiative. It was developed through a multi-year consultative 
process by a cross-section of building industry professionals, including engineers, architects, researchers, 
policy analysts, builders and owners. It has undergone a series of updates, adapting its process and building a 
non-profit organization of its own, while remaining non-governmental. Some local or state governments  
have made LEED the mechanism for ordinances that do require minimum green building, but such 
requirements are not part of  the LEED system itself.16 
This system provides an operational definition of “green building.” It goes beyond pure information by 
grading each project’s green attributes. But it imposes no legal obligations: participation is voluntary.  In 
practice, LEED became a source of market pressure on design and construction firms. LEED capability and 
results rapidly found their way into firms’ marketing as one indicator of up-to-date competence and quality. A 
second powerful pressure came through purchasing policy: a number of local and state governments and 
Federal  agencies set minimum LEED levels for their new buildings. Acting in this way as customers, not 
regulators, allowed governments to push green building forward without the political or bureaucratic costs of 
new regulations, though perhaps with less sweeping effect.
The Passive House standard (Passive House Institute, 2016) (Fig. 11) is much simpler, though much more 
demanding in its way. It is only concerned with energy use, and with verifying that a system of construction 
has been used that makes conductive, radiative and air-change heat losses low enough for 15 kWh/m2-yr of 
heating to be adequate. This is up to 25 times smaller than existing buildings in Germany, where the standard 
was developed, and around 4 times smaller than the German standard then in effect for new residences. A 
house’s actual losses may be as much as three times this, but heating by appliances and equipment, by 
sunlight, and by the occupants themselves can make back as much as 30 kWh/m2-yr. In any case, each project 
has to meet the 15 kWh/m2-yr limit on heating energy actually used.17

The specifics in this standard emerged from an extended program of prototype construction, energy and 
economic modeling aimed at finding very high performance levels compatible with tolerable component 
availability and costs in Germany.

The energy goal is demanding because Passive House is a “stretch” standard, whose goal is to encourage and 
reward high performance building. LEED has a similar purpose, although it calls for less stretch. Other 
standards define bedrock, i.e. minimal acceptable performance. Public health and safety regulations are often 
based on standards with that goal, and are almost always mandatory. Stretch goals are usually voluntary.
The energy goal should also be considered an index, not a prediction. This is not widely understood. 
Experienced modelers are quick to caution against using model results for actual prediction of building 
energy performance, because results are quite sensitive to such things as deviations in a building’s actual use 
patterns from those assumed in modeling. Models work much better for comparing designs or schematic use 
patterns. As one recent study puts it, “The value of these tools to inform design comparisons is widely 
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16 An excellent review of  issues arising from governmental adoption of  LEED standards is in [19].

17 The passive-house movement originated in northern Europe, where heating is the primary need. Where cooling is 
primary, the qualitative leap of  dispensing with heating systems is no longer relevant, but the same technical moves, like 
tight construction with heat/energy recovery and good windows, are often beneficial.



recognized, and there is little debate that the energy modeling tools in use today are generally able to 
accurately identify more effective design strategies from the perspective of relative energy use [emphasis in 
original].”[21] So when a standard like Passive House or LEED calls for energy modeling and sets the results 
against a threshold criterion, one should consider it a comparison with a model of a hypothetical similar 
building in the given location. LEED in fact does this explicitly.
Nevertheless, it is instructive (as well  as irresistibly tempting) to plot model results against actual performance. 
Figure 12 does this for three passive-house subdivisions and one multi-unit “low-energy” project built to a 
different specification. All four locations are in the general vicinity (200 km) of Frankfurt. The red bar shows 

PHPP’s results for the four designs and locations; the blue bars give measured annual heating energy intensity 
(kWh/m2-yr) or the individual units. As one would expect, the unit results spread along a bell curve: the black 
curve gives a Gaussian fit for reference. One might not expect the spread to be as large as it is in all four 
samples. 
It is noteworthy that the mean and calculated intensities for the passive houses match very closely. This is 
fairly common in such studies. So is the sizable spread. It seems that current modeling is in good touch with 
the basic processes of building heat transfer, even though its command of details is far from complete. This 
opens the door for controversy about the usefulness of modeling. More important, though, it gives a strong 
direction for research: what explains the performance, much better than modeled, of the buildings in the low 
end of these samples? It is to be hoped the building science community will put more effort into this 
question than into debate over model deficiencies.
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Figure 11. Criteria for Passive House Standard, revised August 15, 2016. Alternative Criteria can substitute for Criteria in 
any of  the four categories. “Primary” energy is source energy. Source: Passive House Institute [20]



The Passive House airtightness requirement is another example of stretch. Production house-builders in the 
US currently often achieve n50 (hourly air-changes at 50 Pa pressurization) under 5, but the Passive House 
criterion is 0.6. The general prescription for getting down to this level is known: enclose the entire heated 
volume with airtight membrane, with minimal penetrations for water, electricity and other services; ensure 
good overlap of membrane segments and tape all joints to guard against gaps arising as the structure shifts 
over time; use well sealed window and door assemblies. 
Delivering on this prescription requires much more detailed time and attention than customary for house-
builders. This both limits and stimulates the market presence of passive-house construction. The seeming 
paradox reflects the inhomogeneity of the market for residential construction. Houses are not mass 
produced, with their economic viability defined by the product’s ability to sell in large numbers. 
In this setting, most building is convention and habit bound, but it is not difficult for small niches to appear. 
At present, passive houses are more expensive and demanding to build than average, but there are builders 
and buyers in many communities for whom these characteristics testify to valued attributes—craftsmanship 
and environmental quality. This creates the potential for a niche market in which costs decline and usability 
expands steadily, as has occurred with photovoltaics and many other technologies.
A potential niche market is not yet an actual one. A good short review [22] of passive-house progress in 
Europe lists the complex of  factors in play there:

Success was achieved through a combination of  a fervent belief  in the scientific basis of  the 
fundamental principles of  the standard, a rigid certification scheme (which involves a required 
certification tool), demonstration through good examples (from pilot buildings to the Passive 
House village18), the creation of  a protected market niche, extensive training activities and an 
increasingly professional marketing of  the concept, standard, components and technologies.

Figure 12. Calculated and measured annual heating energy intensity for four German samples.  Source: [34]
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18 This is an Austrian project called “Sonnenplatz Gross-schönau” which provides short stays in certified passive houses.



There is positive feedback among these elements: the existence of each fosters the growth of the others, 
though unfortunately the reverse is also true, i.e. shortcoming in any undercuts the effectiveness of all the 
others. Creating a standard, for example, not only defines which products belong to the niche but also helps 
defend it against low-grade imitation.

In national terms, the US passive house numbers are still tiny, around 100 completed and certified projects in 
2015 compared to 1.1 million or more houses of all kinds. The German experience suggests that this number 
can grow over the coming years. History does not, however, provide any predictions of how large an ultimate 
market will be. Photovoltaics have seen an expansion to global scale, but getting outside its early specialized 
niche has taken over fifty years. The Passive House Standard carries less glamor. Moreover, it needs the 
willing participation of thousands of decision-makers, workers and users for energy actually to be saved. A 
standard is only as good as its implementations, in the end.
One final remark about the Passive House Standard is in order. This standard, like all standards, is a social 
construction susceptible to social processes. These must include modification to deal with avoidable 
problems, and they can’t help including self-interested maneuvering by affected parties, uneven interpretation 
by different users, and controversy over effectiveness. 
As one important example, the US has seen a dispute in the past few years among passive-house proponents 
over the uniformity of the 15 kWh/m2-yr heating energy limit, the real heart of the German approach. Some 
argued that the wide variations in US local climates, as well as in the carbon impact of different electric power 
sources called for a location-sensitive formula to set the limit. Others saw the reduction in simplicity and 
transparency, and the departure from an established criterion, as opening the door too wide to confusion and 
misuse. The question has been settled as a practical matter by the only US passive-house certifier, the Passive 
House Institute–US (PHIUS), which originally called for the formula approach. PHIUS stuck to its position, 
found funding and allies for developing and testing the formula, and now bases certification on it. No 
competing certifying body has emerged to date. 
Debates, controversies, even struggles are common in the life of standards, especially when they become 
widely used. The Passive House Standard will certainly see plenty more if passive houses continue to spread. 
Given the extreme dispersion of authority in the US over building codes, on top of the climate and carbon 
differences between localities, one likely future would have passive houses gradually losing their distinctive 
character and blending more and more with existing high quality options in the US housing sector, helped by 
more and more local variation in standards and labels. Again, the above-mention review may have it right:

Figure 13. European houses certified by the Passive House Institute (Germany), 2016.  US certification is 
now  largely under a revised protocol established by Passive House Institute–US, since 2013 an unrelated 
organization.  Source: Passive House Institute [35]
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Given the success of  the PassiveHouse to this point, a possible future scenario may be that such 
construction becomes a matter of  course. This option is described by one informant (DD) as follows: 
“In the beginning I was a crackpot or a visionary, then I was a visionary who was in great demand, and 
today . . .  we are normality”.  [22]
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