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The idea presented here—that it is possible to
use the most advanced waste management
processes to promote interdisciplinary
cooperation in which the architectural, structural,
and thermodynamic aspects, suitably combined,
would generate urban units with new political
and social contents—suggests a way of
understanding technical, cultural, and social
interactions that lie at the heart of a large number
of professionals in charge of considering future
scenarios of global cities and metropolitan areas.

Foreword

INAKI ABALOS

Professor in Residence and Chair of the Department of Architecture,
Harvard University Graduate School of Design

Architecture and Waste: A (Re)Planned Obsolescence is undoubtedly a magnificent
manual for rethinking the method in which we manage resources and the ways in which
industrial architecture can be considered today with renewed vigour. But it is not just
that. This book conceals, in a sophisticated manual, the ambition of a real treatise on the
relations between technology, culture, and society. In other words, by choosing a precise
type of waste recycling plant and analyzing its whole potential on different scales, this
book gives rise to a considerable list of questions regarding architecture and its kindred
spirit, engineering, pointing to the new environmental technological developments as
triggering faciors of new prototypes with forceful urban and disciplinary repercussions.
The initiative that gives rise to this project, resulting from specialized investigations
carried out in Scandinavia and which comes to the Harvard University Graduate School
of Design in search of experimental answers in architecture, could not be more exemplary.

The idea presented here—that it is possible to use the most advanced waste management
processes to promote interdisciplinary cooperation in which the architectural, structural,

and thermodynamic aspects, suitably combined, would generate urban units with new
political and social contents—suggests a way of understanding technical, cultural, and social
interactions that lie at the heart of the interests of the Department of Architecture at the
Harvard University Graduate School of Design (GSD) and, of course, of a large number of
professionals in charge of considering future scenarios of global cities and metropolitan areas.

The splendid work led by Hanif Kara, Leire Asensio Villoria, and Andreas Georgoulias
and developed by the students of the Harvard GSD, combines a series of research
seminars and option studios to shape a book for considering architecture, its types,
and its urban, social, technological, and formal interactions, much like an open door

to the most advanced architectural research to arise after the agonizing death of the
postmodern episode and its iconic and banal imitators. This open door is based on a
precise genealogy in which the ideas of Joseph Paxton (Crystal Palace), Cedric Price
(Fun Palace), and Buckminster Fuller (Montreal Biosphere) harmonize with the great
palaces of the past (Baths of Caracalla and Hagia Sophia, for example), dealing in its way
with collective needs from new formulations of the form/matter/energy equation, which
make architecture a science and an art that is always the same, yet always changing.

This book is also a methodological model for rethinking other disciplinary aspects that
are of concern to both industry and the academic world, such as housing, data centers,
heating and cooling systems, large intermodal transport infrastructures, and more.

On a personal note, | can add that my early experience with industrial architecture (water
purification and waste recycling plants) was a true revelation, not only regarding how the
excess could and should be disposed of in nonindustrial architecture, but also, and in a
more in-depth fashion, about the relationship between the different scales of matter, from
the molecular structure of various materials to urban planning methods, and the essentially
reactionary viewpoint that understood the architect's work as a cosmetic treatment of
outsides or facades. Applying those lessons to works and projects with very small programs
or urban and regional scales helps further a betler understanding of the interaction and
connectivity of the social, environmental, and material processes that give our work meaning.

Architecture and Waste engages these issues and it is for this reason that we can halil its
publication with the emotion that accompanies the presence of good architecture. And

it is extraordinary to find how teachings that combine research and design, when they
are approached strictly and with knowledge, can extend in the academic field where they
were devised and so become a real laboratory of the future to be built.
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As the world's population rapidly expands, the need for architects’ engagement in the
industrial and infrastructural realm becomes increasingly urgent. Yet, with the exception
of a few cases, architects remain conspicuously absent from the conception, design, and
implementation of such projects.

With the knowledge collected in Architecture and Waste, derived from two years of
intense design research, we investigate, explore, and challenge the roots of this divide,
seeking opportunities to reverse it by focusing on the Waste-to-Energy (WIE) facility.
In the context of this subject, WIE facility buildings bridge (in scale, function, and
output) the gap between conventional industrial buildings (factories) and large-scale
infrastructural facilities (such as airports and power stations). Using WIE infrastructure
as a manageable vehicle, we demonstrate that, when approached from an architectural
perspective, building types associated with WIE offer tremendous opportunities for
innovation, creativity, and community enrichment.

We therefore offer Architecture and Waste as a manual on two fronts. First, we envision
the book as a guide for architects as they engage in the design of buildings in the
industrial and infrastructural field. Initiated as a design research effort at the Harvard
University Graduate School of Design (GSD) and sponsored by the Sven Tyréns Trust,
this material embodies a precise and replicable methodology to assist architects as
they approach these project types, since often viewed as existing outside the purview of
contemporary practice. Second, the book functions as a detailed resource for architects
and others involved with WiE facility design. It contains an inventory of WtE compaonents
and their requirements, as well as an illustrative catalog of WIE plant design strategies,
tactics, and spatial configurations. As both a general and targeted guide, and as the
subtitle (Re)Planned Obsolescence suggests, this body of work also questions the
concept of architectural waste and investigates opportunities for buildings to remain in
use, even after their initial functions become obsolete.

Architects, Waste,
and Design Research

HANIF KARA

Baltimore from Federal Hill, 1903
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fise to engineers and project managers, who legitimately claimed to be able to produce
buildings rather than “design” them, further undermining the role of the architect.

Despite the shift to service- and knowledge-oriented industries in the latter 20th and
early 21st centuries, a time marked by the emergence of widespread economic and
ecological changes, architects' contributions to these building types have remained
conspicuously absent. Yet this need not be the case. Architects bring much to the
conception and creation of such projects, beginning with a holistic approach that extends
beyond functionality to embrace the physical, social, and environmental issues that affect
each project. By virtue of education and experience, architects hone the ability to devise
creative spatial configurations to address real-world problems. Furthermore, architects
are trained to design not just for the present, but for the future ways in which buildings
may be used. This skill in particular figures prominently into our contemporary landscape,
where in many cases a building’s physical presence may long outlive its initial purpose.
And, as numerous examples in our past and present demonstrate, such industrial
buildings do not have to be ugly.

The past few decades saw a minor eruption in the adaptation of redundant existing
industrial buildings and large-scale infrastructures for public use. Projects like the Tate
Modern (England, Herzog & de Meuron) and the Hamburg Philharmonic (Germany,

Herzog & de Meuron); the Rosario Museum of Contemporary Art (Argentina, Ermete de
Lorenzi); the Zollverein Power Station (Germany, Rem Koolhaas's Office for Metropolitan
Architecture, Bsll and Krabel); the High Line (United States, Diller Scofido + Renfro); the
Contemporary Jewish Museum (United States, Studio Libeskind); and the Modern Museum
of Malmé (Sweden, Tham & Videgard Arkitekter) have captured the public imagination and
become new architectural touchstones. Note that many of these readapted structures exist
in developed areas that have transformed from industrial to service societies (a cycle likely
to repeat in the future). In addition, these projects involve not only the reuse of materials, but
also a respect for the old while infusing the new. They are complex projects that encourage
cultural interactions and multiple programs in spaces previously conceived for singular
functions and occupied by only a few individuals.

These buildings and structures were initially created to serve a specific use; yet through
architectural interventions, they have been successfully repurposed as cultural icons.
Architects introduced unique skills and perspectives to these transformational projects,
all largely well received. In turn, these adaptations have bolstered their architects’
reputations. We believe that architects can add similar value to, and likewise benefit from
the design of industrial and infrastructural projects. In particular, we are focused on WtE '
facilities, which are much needed in both developing and developed societies.

Along with global population growth and increased urbanization comes an exponential
rise in the production of solid waste. In 2012, urban populations generated roughly 1.3
billion tons of solid waste. By 2025, the World Bank estimates that this number will
likely increase to 2.2 billion tons.? How do we address this mounting volume of waste?
This question becomes all the more pressing when we consider that landfills—currently
{and historically) the most prevalent means of waste disposal—are quickly becoming less
plausible due to space restrictions, environmental concerns, mandates to close existing
sites, and legislation that prevents the creation of new landfills.

Waste-to-Energy facilities offer a proven and increasingly attractive solution for dealing
with solid waste. Indeed, far from the pollution-spewing industrial behemoths of yore, WtE
plants are an environmentally conscious option for coping with garbage. Strategically
placed near or within urban areas, WHE plants can generate alternative energy for

local use and eliminate the need to transport waste to rural areas or across state lines,
thus reducing travel-related emissions. And as we will later discuss in detail, WHE
infrastructure offers a range of beneficial possibilities for future development, including
opportunities to develop hybrid programs that positively impact their communities. Such
innovative arrangements are already in operation in Sweden, recognized as a leader in
WHE use, as well as other countries.

Architects bring much to the conception
and creation of such projects, beginning
with a holistic approach that extends
beyond functionality to embrace the
physical, social, and environmental issues
that affect each project,

Herzog & de Meuron, Hamburg
Philharmonic, Hamburg, Germany, 2017

Ermete de Lorenzi, Rosario Museum of
Contemporary Art, Rosario, Argentina, 2004

Fritz Schupp and Martin Kremmer,
Zollverein Power Station, Essen,
Germany, 1932

Diller Scofidio + Renfro, Field Operations,
and Piet Oudolf, High Line, New York,
United States, 2009

Studio Libeskind, Contemporary
Jewish Museum, San Francisco, United
States, 2005

Tham & Videgéard Arkitekter, Modern
Museum of Malmd, Malmo, 2008
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WHY WASTE-TO-ENERGY?

There is little doubt that, as the world's population grows, local WAE infrastructure will be
increasingly needed in cities. As densities increase and consumption patterns change,
WHE will continue to emerge as an acceptable and affordable source of renewable
energy alongside a portfolio of other sources, such as solar, wind, and biomass. As
additional WAE infrastructure is conceived and constructed, architects’ involvement will
help ensure the best functional, social, and aesthetic results. Indeed, a handful of high-
profile architects, including Bjarke Ingels and Zaha Hadid, have recently engaged in WiE
projects, signaling a shift in thought regarding the desirability of and value generated by
architects' involvement in such projects.

With these ideas in mind, we selected WIE facilities as a means to reengage architects
and interdisciplinary design with industrial buildings and infrastructure. We conducted
design research on novel and effective ways to rethink the relationship of architecture and
waste—a (re)planned obsolescence.

THE WASTE MANAGEMENT HIERARCHY

The Waste Management Hierarchy is an internationally recognized ranking of the various
waste management practices in the order from most to least preferred with respect to
greenhouse gas emissions. Priority is given towards the prevention and reuse of waste
followed by recycling, energy recovery, and disposal. Energy recovery from the combustion
of Municipal Solid Waste (MSW) is a critical component to this hierarchy because it
diverts and ultimately decreases the total volume of waste that would have otherwise

been destined for landfills. The WiE Design Lab chose to narrow the focus of design
speculation around the method combustion—as opposed to pyrolysis and gasification—
because it is the most widely implemented. Ranked a tier above natural gas but just below
solar photo voltaic, the energy produced by this renewable energy source has a reduced
carbon emission record—as compared to petroleum and coal—by offsetting the need for
energy from fossil fuel sources and reducing methane generation from landfills.

Abalos & Herreros, Northeast Coastal Park, Barcelana, Spain, 2004
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The history of industrial architecture is deeply rooted in the history of modern architecture.

Looking back at modern architecture’s origins, we see that it corresponds to and is
contiguous with industrial architecture from the Industrial Revolution through the 1900s.
As industry grew and diversified through the 19th and 20th centuries, architectural and
engineering systems reacted with new materials, such as iron, steel, glass, aluminum,
and reinforced congcrete, and new forms that corresponded to these materials. Indeed,
the architecture of industry and the machine aesthetic directly influenced architects
central to the modern movement, including Karl Friedrich Schinkel, Auguste Perret, Le
Corbusier, and Mies van der Rohe. Yet the emergence of technology, computation, and
telecommunication at the turn of the 21st century has changed this equation, prompting
new modes of design, materials, and production.

While industrial architecture and, to a certain extent, the infrastructure for modern
urbanism share a common set of materials, methods, and techniques, only recently can
we begin to separate the dynamics of industrial architecture from the currents of modern
architecture. One reason for this clarification is that the transformation wrought by the
information age has generated its own architecture with concomitant effects on industry
and industrial architecture. These recent changes have precipitated a different type of
industry and consequently a new, different architecture. This cleavage allows us to outline
a history of industrial architecture that is distinct from modern architecture's stylistic and
social concerns. Furthermore, we can revisit the industry's history and transformations
with the understanding that, in the future, industry as we know it today may change
drastically. Technological innovation in the 19th and early 20th centuries fundamentally
altered architecture by producing materials that made construction more effective, robust,
and flexible. Today a similar transformation may occur through 21st-century technology,
producing equally dramatic results.

Industrial Buildings
Dont Have To Be Ugly

HANIF KARA

John McAslan + Partners, Olympic
Energy Centres, London, England, 2012
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Thinking about a possible “end of industry” and its historic continuum allows us to
articulate the history of industrial architecture more clearly. Since its inception in the
mid-1700s, industrial architecture had reacted to and motivated by the industry it served,
rising on the social and economic foundation provided by industrialization and industrial
capitalism. Now with the possibility of major disruption to industry as it has been
practiced for 200 years, we have a new perspective to understand these longstanding
alignments between industry, modernity, architecture, and engineering within the

context of contemporary business developments and corporate capitalism. With this

in mind, let us rehearse a brief history of industrial architecture, drawing primarily from
Western European and North American examples. Our goal is to highlight important
milestones and benchmarks that provide a foundation for the work we set forth in here in
Architecture and Waste.

18TH AND 19TH CENTURIES

The early iron factories and bridges of England stand as the origins of today's industrial
architecture. The first dramatic icon of the Industrial Revolution, Abraham Darby Ill-and
architect Thomas Pritchard’s Iron Bridge at Coalbrookdale (1775-1779), took advantage
of the new technique of smelting iron using coke to produce cast iron. A part of the
era's new and growing railway-based distribution network, the Iron Bridge and its
contemporaries planted the seed for industrial building and architecture as we know it.

Throughout the late 18th and early 19th centuries, cast iron became an increasingly
popular material for bridges, railway stations, warehouses, and factories—all structures
integral to the development and growth of the Industrial Revolution. Indeed, factories
were not only settings for the manufacture of the Industrial Revolution’s new products;
they were themselves produced by these new construction methods. This was
particularly evident in mills in northern England such as Charles Bage's Shrewsbury
Mill (1796-1797), which was the first iron-frame building to use cast-iron columns and
beams. Bage's design was inspired by engineer William Strutt's use of iron for industrial
architecture. Bage was also an associate of steam-engine producers Matthew Boulton
and James Watt, who provided engines to power this mill as well as the Twist Mill in
Salford, Manchester (1799-1801), which utilized the same combination of structural

Jules Saulnier, Menier Chocolate Factory,
Noisiel-sur-Marne, France, 1873
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cast-iron beams supported by round columns integrated into a brick wall. The
amalgamation of architecture, engineering, and industry seen in these mills is indicative of
the close relations these disciplines would maintain for the following two hundred years.

The second half of the 19th century in England and Europe saw a number of industrial
buildings constructed in iron, similar to Joseph Paxton's Crystal Palace in London (1851),
that attempted to adapt iron construction to existing architectural styles. The Menier
Chocolate Factory in Noisiel-sur-Marne, France (1871-1873), by architect Jules Saulnier,
is typical of industrial architecture that radically employed, for the first time, an iron
skeleton visible on the exterior but subsumed within an envelope of decorative brickwork.

The most important cast-iron system from the early 19th century, preceding the later
combinations of iron and steel, appears in the Sheerness Boat Store in Kent, England
(1856-1860). Designed by engineer Colonel Godfrey Greene, the multistoried
warehouse has a cast-iron frame clad in lightweight sheet-metal panels with large
windows. This structure was the first of is kind to employ manufactured beams, columns,
panels, and glass plates, foreshadowing the steel-framed, steel-paneled sheds of the
20th century. Built around the same time as the Crystal Palace, the Boat Store’s stark
and simple cast-iron design, hidden largely from public view in its industrial riverside
location, contrasted with the decoratively embellished cast-iron architecture employed
by Paxton. Greene proposed no aesthetic for his design, relying instead on the formal
properties of the structure and its materials as an engineering solution, a strategy that
would be repeated frequently across the globe throughout the 20th century.

23




EARLY 20TH CENTURY

Throughout the 20th century, the demands of industry—in particular the pressing need

to develop building systems to accommodate the speed and scale of fast-growing
industries—dictated the nature of industrial architecture. This especially can be seen in the
development of reinforced-concrete construction technology by figures such as Ernest
Ransome and Robert Maillart in the early part of the 20th century, which went on to play a
key role in the rapid growth of industrial architecture in factory buildings. Examples, such
as Ransome's Pacific Coast Borax Factory in Bayonne, New Jersey (1895), and later
Maillart's Pirelli Cable Factory in Villanueva, Barcelona (1901-1902), utilized reinforced
concrete to build a modular system of columns supporting glazed roofs.

This was the beginning of the iconic saw-tooth form, which would be associated with
factory buildings for many years and arose from the need to introduce daylight into the

shed siructures to support workflow while preventing additional heat buildup. Goncurrent
innovations in reinforced concrete and glass allowed for the rapid construction of large
shed structures throughout the industrial world. Yet, in architectural terms, they generated
only a few buildings of distinction. One of these factories was Giacomo Matté-Trucco’s Fiat
Lingotto Factory in Turin, ltaly (1922), with its rooftop test track making it one of the most
original of the period. There was also Erich Mendelsohn’s angular crystal form comprised of
brick with a reinforced-concrete skeleton, the Hat Factory in Luckenwalde, Germany (1921).
Nevertheless, for many of the industrial buildings of this era, architecture was second in
priority to technical advancements in reinforced concrete, steel structures, fire insulation,
ventilation, and lighting. On the whole, economic interests led industrial architecture.

Earlier in the century, Germany was responsible for what is considered the genesis of
modern industrial architecture; this is the first time we can identify a meaningful union
of industry and architeciure in the context of new architectural theory and education,
pointing toward a modern architecture based on the ideals of industry and industrial
architecture. The establishment of the Deutscher Werkbund (1907) and the Bauhaus
in Weimar (1919) are two examples of an alignment between the German economy
and German architecture. This modern architecture sought to harmonize aesthetics and
engineering, relying heavily on a century's worth of architectural theory by the likes of

J. A. Brinkman & L. C. van der Viugt,
Van Nelle Factory, Rotterdam, the
Netherlands, 1929
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Marc-Antoine Laugier, Eugéne Violet-le-Duc, Henri Labrouste, Gottfried Semper, Auguste
Choisy, Auguste Perret, and Charles Garnier. In particular, Garnier's ideas, outlined in

his Cité Industrielle, introduced the idea of industrial buildings as important parts of the
modern city, situated next to areas of habitation.

The evolution of German industrial architecture can be shown by two important industrial
buildings of the early 20th century, the AEG Turbine Hall in Berlin (1909) by Peter
Behrens, and the Faguswerke Factory in Alfeld (Leine, 1911-1914) by Walter Gropius
and Adolf Meyer. While the AEG Turbine Hall retains some symbolic neoclassical
character to its architecture, the Faguswerke Factory abandons all but a latent symmetry,
shifting to a complete commitment to rational and scientific architecture in a factary
building that emphasizes structure, glass, and light. The Faguswerke's transparent
architecture was a response to the client, entrepreneur Carl Benscheidt, who demanded
that the factory be well lit and make a break from architecture of the past. Gropius's
design successfully navigates this combination of functional and symbolic requirements
to create a factory typology that had many successors in the 20th century.

The major transformation that the architecture of the Faguswerke factory represents is
seen more clearly when compared to Albert Kahn's Packard Motor Company factory

in Detroit, Michigan {1905), which employed steel-reinforced concrete as the primary
building material (for the first time in an automobile factory), but hid this structural
skeleton behind a conventional facade. Kahn is sometimes considered the first industrial
architect, though he was not necessarily a modernist. His projects, such as the Pierce
Arrow Motor Car Company in Buffalo, New York (19086), the Ford Highland Park Plant
in Highland, Michigan {1910), and the massive Ford River Rouge Complex in Dearbarn,
Michigan (1917), were landmark “generic” factory buildings for their time, driven by the
rapid growth of the autometive industry in the United States and the development of the
assembly line. They utilized decorative envelopes of brick or stone to conceal a concrete
and steel structural framework, eschewing the aesthetic of industrial architecture then
tavored in Germany. Instead, Kahn's architecture was guided by his industrialist clients’
business needs, with his own offices organized into a quasi praduction line, focusing on
the managerial aspects of the construction process.

T Peter Behrens, AEG Turbine Hall,
Berlin, Germany, 1909
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1930s AND 1940s

The outbreak of World War Il in 1939 meant a temporary break in the development of
industrial architecture, which was eclipsed by the war industry’s need for the construction
of a large number of generic steel and reinforced-concrete factories.

Prior to this, modern architecture had been emerging as a distinct style, with industrial
architecture starting to appropriate some of its design features. This can be seen clearly
in J. A. Brinkman & L. C. van der Vlugt's Van Nelle Factory in Rotterdam, the Netherlands
(1929), with its wide, sweeping glass curtain wall subsumed within a carefully organized
geometry of reinforced concrete that reflected the International Style of the time. The
mushroom columns hidden behind the glass facade later emerged as an important visual
feature of industrial architecture in Sir Owen Williams's Boots Pure Drug Factory in
Nottingham, England (1932). In this multistory building, which housed different functions
on each of the open floors, the prominent all-glass facade is supported awkwardly at its
base by exposed reinforced-concrete mushroom columns. More typical of the 1930s
were buildings such as the Borgward Automotive Factory in Bremen, Germany (1935-
1937), by Rudolf Lodders, or Kahn's Chrysler Half-Ton Truck Plant in Warren, Michigan
(1938), that used all-steel structures to create larger, more expansive factory floors with
fewer columns to impede the manufacturing of large trucks and planes.

Erich Mendelsohn, Hat Factory,
Luckenwalde, Germany, 1921
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1950s

The 1950s saw the emergence of a broad range of industrial architecture that took into
account the more diversified nature of the global economy and industrial manufacturing,
yet still fell under the influence of modern architecture's aesthetic. This period also saw
the emergence of industry directed toward the consumer economy, made possible by
large-scale modern infrastructure. In buildings for the production of raw materials, such as/
Alvar Aalto’s A. Ahlstrém Company Sawmill in Varkaus, Finland (1944-1948), and Fritz
Schupp's Germania Colliery in Dortmund, Germany (1952}, we see how the architects
clearly employed the clean geometries of modern architecture to organize the disparate
industrial functions and structural elements into a unified design. In a similar modernist
fashion, the Textile Mill in Blumberg, Germany {1950), by Egon Eiermann, subsumes the
reinforced-concrete structure that holds up an expansive steel-trussed roof in the style
of postwar modern architecture, achieving structural clarity in a building that was the first
industrial building constructed in Germany after World War Il.

In a comparable gesture to structural logic and visual clarity, the Cilag Chemical

Factory in Milan, Italy (1952), by Giordano Forti, uses materials and techniques such as
prefabricated concrete floors, reinforced-concrete columns, and steel-and-glass facades,
embodying a constructivist style and a consistent design language that gives each
building its individual character.

Reconstruction in postwar Europe often entailed the construction of industrial buildings in
existing urban sites, limiting their size, while still allowing for the advancement of features
specific to industrial architecture. One of the best examples of this is the Engineering
Plant for Siemens & Halske in Braunschweig, Germany (1957), by Walter Henn, where
we see clear attention to the aesthetics of the building in its urban context, along with the
detailed optimization of construction and workplace qualities, such as light and ventilation
in a large shed structure.

Alvar Aalto, A. Ahlstrom Company
Sawmill, Varkhaus, Finland, 1946

Egon Eiermann, Textile Mill, Blumberg,
Germany, 1950
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These trends were also reflected in the countries of Eastern Europe and the Sovietic blog,

which, since the 1930s, had applied long-range industry planning that included within

its scope the construction of factories and infrastructure such as dams. Architecture in

the Soviet states followed and mirrored developments in the West; Kahn had designed

buildings in Russia in the 1930s, and in a few buildings of note, such as the Runotex Mill in

Kalisz, Poland (1957-1962), by Stanistaw Sikorski and Jerzy Glowczewski, the application

of suspended post-tensioned concrete panels created an innovative saw-tooth roof, .
showing an aspect of the creative design in Eastern Europe in this period.

In the United States, postwar reconstruction meant the expansion of corporate America,
building factories in newly developing industrial parks or in large industrial/administrative
campus-type complexes outside major cities. Examples by Kahn and Skidmore, Owings

& Merrill were prominent, but the most important of these postwar industrial buildings

is undoubtedly Eero Saarinen’s General Motors Technical Center in Warren, Michigan
(1946-1956); this series of low buildings, set around a reflecting pool, recalls the lllinois
Institute of Technology campus designed by Mies van der Rohe in the 1940s. At the
General Motors Technical Center Saarinen goes further, incorporating the technical
aspects of the building into a futuristic vision of American corporate business strength that
would, later in the century, expand throughout the United States and the rest of the world.

Eero Saarinen, General Motors Technical Center,
Warren, Michigan, United States, 1956
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1960s

As a conseguence of the worldwide economic boom, the 1960s can be seen as a
golden age for industrial architecture. There were marked increases in the number of new
factories, and infrastructural projects expanded in size and scale as part of this postwar
period of high-productivity growth. Automation technologies aided the global expansion
of manufacturing, while wholesale and retail trade advanced as a result of new highway
systems, distribution warehouses, and material handling equipment such as forklifts.
While the United States flexed the scale of its corporate muscle and industrial capacity,
industrial architecture as a structural art and social-minded discipline found new avenues
of expression in Europe and the rest of the world. In this period, structural innovation such
as modular steel systems, prefabricated concrete elements, and concrete shells joined
new developments in buildings that displayed sensitivity to workplace conditions as well
as to the urban and natural environment.

The general increase in manufacturing also had an effect on the construction sector,

with the growth of construction as an industry marked by new manufactured elements

for construction. In the same way that cast-iron and steel construction in the mid-19th
century led to the advancement in the industry of the period, the design and development
of prefabricated and manufactured steel and concrete products spurred growth in the
construction industry. Architects and designers, such as Angelo Mangiarotti in ltaly and Fritz
Haller in Germany, developed advanced, technically precise structural systems with general
applicability—the primary objective was for these systems to be labor-saving, fast, and very
economical in construction and assembly. Bruno and Fritz Haller's Office Furniture Factory
in Miinsingen, Switzerland (1965), and Mangiarotti's FM Constructive System Factory
Building in Lissone, ltaly (1964), were the most important buildings of this initial period

of industrialized architecture, in which prefabricated systems' orientation toward specific
programmatic requirements became secondary to the need to optimize the manufacturing
process of the building elements. Of course the ubiquity of these systems did result in

the repetition of standardized design tropes, which led to many simple, cheap versions of
the boxy sheds, reducing the impact of architectural creativity on industrial architecture.
Nevertheless, the leap made by likes of Mangiarotti and Haller was to be long lasting.

Foster Associates, Renault Distribution
Centre, Swindon, England, 1982
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Industrial architecture in the 1960s also continued to be influenced by modem
architecture, but now in buildings at a much larger scale and size than their predecessors.
The need to quickly develop vast production facilities for multinational companies, such
as Olivetti, Volkswagen, and Cummins, prompted the development of modern-siyle
prefabricated building systems and modular systems that provided envelopes for open-
floor factories that assured maximum flexibility. The Cummins Engine Component Factory
in Darlington, England (1966), by Kevin Roche, John Dinkeloo and Associales, is a typical
Miesian shed with a prominent exposed structure of CorTen steel beams and columns.
Foster and Associates' Reliance Controls Electronics Factory in Swindon, England {1967;
developed in 1988 into the Renault Distribution Center), takes this Miesian approach one
step further with a series of I-beams and columns braced by diagonal tubes.

This was also the age of innovation with structural engineering, in steel frusses and
space frame structures that provided flexibility in layout, plan, and future expansion

to accommodate a variety of manufacturing processes. To optimize construction and
performance, mechanical and electrical systems were integrated into these structures, as
can be seen in Kenzo Tange's Tosho Printing Plant in Haramachi, Japan (1961), where a
central concrete box girder supports lateral steel trusses that simultaneously act as the
primary conduit for the air-conditioning system. The expressive and functional aspects

of concrete also featured prominently in projects such as Henn's High-Voltage Test
Laboratory in Siemens, Berlin (1 960), which employed concrete vaults as roof shells to
create large spans for production and technical facilities, and Pier Luigi Nervi's Paper
Factory in Mantua, Italy (1961-1962), which used bridge-like concrete pylons to hold up
the building's roof and curtain wall.

Lastly, environmental and workplace aspects figured into a number of projects,
especially in northern European countries. For example, the use of modernist and plastic
architectural effects in Matti Makinen's Turku Dairy, in Turku, Finland (1965-1966), and
Geir Grung and Georg Greve's Wholesale Bakery in Bergen, Norway (1965), carefully
integrated the buildings into their natural and urban Scandinavian environments while
optimizing interior air ventilation and lighting.
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Herman Hertzberger, Textile Workshop,
Amsterdam, the Netherlands, 1964

Matti Makinen, Turku Dairy, Turku,
Finland, 1966

Angelo Mangiarotti, FM Constructive
System Factory Building, Lissone, 1964




1970s

In the 1970s, the popularity of flexible, multifunctional spatial envelopes increased
worldwide, responding to advances in assembly and production technologies. The
economic uncertainties of the time, marked by oil crises and the disintegration of

aging heavy industry dating from the late 19th and early 20th centuries, were partly
counterbalanced by new developments in electronics and computers. The need for
change determined the architecture of factory buildings, with the majority adhering to the
trend for modular grids and prefabrication. Most of these were fairly undistinguished in
design, but they were often built at increasingly larger scales, resembling small towns.

At this time, prefabricated and modular systems were becoming increasingly
sophisticated, particularly in ltaly, with leading figures such as Angelo Mangiarotti and
Marco Zanuso, and in the United Kingdom, with Richard Rogers and Derek Walker.
Zanuso, who had designed factories for Olivetti in the 1960s in ltaly and South America,
completed the Olivetti Factory in Scarmango, Italy (1970), using a prefabricated system

of fitted reinforced-concrete bases, columns, and beams based on a 12-by-18-meter grid,

spread over a wide area in a series of open and closed modules that could be extended
infinitely. Zanuso's work as a designer gave him insight into the industrial process, and
he was able to articulate a building as a system that coordinated architectural elements,
technological circuitry, mechanical production, and a qualitative organization of the
workplace. This resulted in aspects of production being organized into different modular
components specific to their tasks, set in a groundbreaking factory ypology.

Olivetti commissioned numerous leading architects of the day to create factory buildings,

including Louis Kahn for the Olivetti Underwood Factory in Harrisburg, Pennsylvania
(1970), which presented another progressive design in structural engineering and
architecture, utilizing pre-stressed hexagonal shells to create a column-free open-plan
factory floor for this typewriter factory.

Other important work in prefabrication and modular systems included Derek Walker's
lightweight steel-truss system for the Industrial and Commercial Prototypes in Milton
Keynes, England (1971); Richard Rogers and Renzo Piano’s steel and sandwich panel

Angelo Mangiarotti, Snaidero Factory,
Majano, ltaly, 1978
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system for the PA Technology Centre in Cambridge, England (1976); and Mangiarotti's
massive triangular steel-truss frames on concrete piers that support the steel and glass
roof of the Snaidero Factory in Majano, ltaly (1978).

Urban infrastructure also played a key role in this period as cities expanded into
suburban areas, creating fewer divisions between industrial and residential zones.
The buildings, such as water purification plants and sewage facilities, now visible to
residential neighborhoods, exhibited new design strategies. The German architect and
academician Kurt Ackermann, who would later be involved in a number of important
works of industrial architecture, designed the Sewage Treatment Plant in Munich
(1975-1988) as a prominent monument. He imbued this ignored building typology
with a meaningful presence through a series of abstract, pure shapes that give form to
parts of this large sewage waste “machine’” In a similar strategy, the Water Purification
Plant in Enkhuizen, the Netherlands (1977-1981), by Spruit de Jong Heringa, uses
clear, geometric volumes and patterns to organize the purification processes and the
architectural and structural elements inte a common language that gives symbolic
importance to the plant’s primary function.

In the 1970s the influence of regional architecture first started to play an important role in
the localization of industrial architecture; experiments in form and representation specific to
the material cultures and traditions of regional geographies became commonplace.

For example, Mario Botta and Remo Leuzinger's Crafts Center in Balerna, Switzerland
(1977-1979), used a triangular steel space frame in a basic pitched-roof configuration

to bridge the four principal concrete volumes of this crafts workshop, creating a

relation between archetypal building forms and structure specific to Botta’s regional
postmodernism. Peter von Seidlein, another noteworthy German architect with a rich
pedigree in industrial architecture, fused tectonic timber construction with a glass curtain
wall in his Printing Plant in Paderborn, Germany (1974), creating a clear example of critic
Kenneth Frampton's concept of Critical Regionalism. Additionally, Eladio Dieste generated
an arched, undulating shell from bricks, mortar, and concrete for the Grain Silo in Young,
Uruguay (1978), using simple building techniques to create an economic horizontal silo,

Marco Zanuso, Olivetti Factory,
Scarmango, ltaly, 1971
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1980s

In the 1980s, at the dawn of the digital revolution, the technological transformations

that would later change the nature of work and industry were starting to be felt in the
development of programs for hybrid research-and-production facilities for technological
companies. Guided by the spirit of engineering, technical experiments continued to
influence the creation of different prefabricated and manufactured structural solutions: this
later became known as “high-tech” architecture by practitioners primarily from the United
Kingdom, such as Richard Rogers, Norman Foster, Michael Hopkins, Arup Associates,
and Nicholas Grimshaw. It was important for sectors such as electronics, computers, and
publishing, which required high technical standards for their production environments.

Projects by Rogers, such as the Inmos Microprocessor Factory in Newport, Wales
(1982), and the PA Technology Centre in Princeton, New Jersey (1982), are exemplary
for their continued development of the structural innovations of the previous decades,
utilizing elaborate systems of steel supports in prefabricated components that can be
quickly assembled on site and aesthetically integrated with the service systems to create
original versions of the shed typology made popular earlier in the century. Rogers's
high-tech approach can also be seen in the work of other noteworthy buildings of the
period, such as Foster + Partners’ Renault Distribution Centre in Swindon, England
(1983), where the structural aesthetic supports the image of a technologically advanced
company. Additionally, in Hopkins's Schlumberger Research Laboratory in Cambridge,
England (1984), a pioneering tensile membrane roof canopy is suspended by masts
over steel-truss frames and panels, while Grimshaw's Financial Times Building in London
(1988) showcases its printing facilities through a large glass wall supported by a steel
exoskeleton. Grimshaw also designed a factory for furniture producer Vitra in Weil am
Rhein, Germany (1981), which had an extension added in 1986 and was later joined by
other buildings from leading international architects such as Frank Gehry, Tadao Andao,
Alvaro Siza, Zaha Hadid, Herzog & de Meuron, and SANAA.

The large sheds made from prefabricated components, originally initiated in Europe in the
middle of the 20th century, were still in use during the 1980s as they were required by
growing industries of the time, such as aviation, textile, and construction.
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Nicholas Grimshaw, Vitra Furniture
Factory, Weil am Rhein, Germany, 1981

Hopkins Partners, Patera Building
System prototype, 1980

Hopkins Partners, Mellor Cutlery
Factory, Hathersage, Derbyshire,
England, 1988




They continued to be built using systems of trusses, frames, masts, tubes, n"letal
sheeting, concrete panels, curtain walls, and roof glazing, and can be seen in notewgrthy
industrial buildings such as Afra and Tobia Scarpa’s Benetton Jeans & Tops Fa‘ctory i
Castrette, ltaly (1980), Erkki Kairamo and Reijo Lahtinen's Marimekko Factgry in He:lsmk;,
Finland (1981), Alessandro Savioli's olive oil factory Oleificio Borelli S.PA. in Impenal,
Italy (1988), and Cardete et Huet and Calvo & Tran Van's Airbus A330/340 Factory in

Toulouse, France (1989).

At this point, the creative energy for industrial architecture, which hao! long been at

the service of the organizational and operational requirements of the industry, started

to flounder as the nature of industry began to change. There was a limit to how many
sheds could be built, and the architectural culture of the late 20th century was largely
unable to adapt to the changes that later transformed the nature of work, ?Nith the

advent of automation, technology, and telecommunication, radically reducing the human
element. It was only in the continuing focus on regional aspects of industry that strides
were made: one groundbreaking example was the Cummins Diesel Factory in thc‘)tts,
Scotland (1983), by Ahrends, Burton and Koralek Architects, which used an exns’lnng
textile mill that was integrated into the landscape to invoke the language of Scottish
mines. This factory, designed in extensive consultation with the workers, would later be
described as a humanist approach to industrial architecture. Another project tha.t took on
a regional approach while focusing on traditional building materials was the David Mellor
Cutlery Factory in Hathersage, England (1988), by Hopkins Partners, vlvhlch employed
radial trusses to support the lead roof over a circular stone wall, reflecting the area‘s‘
vernacular architecture. A more complex combination of a traditional and natural setting
is the Recycling Plant for Domestic Waste in Oslo, Norway (1989), by Astrup og Hellern,
which managed to integrate the recycling machinery into the hilly forest landscape .
outside of Oslo by placing the machines inside carefully arranged concrete boxes with
crafted timber screens. Another low-tech approach is the Igualada Commercial Factory
Warehouse in Barcelona, Spain (mid-1980s), which utilized inexpensive, locally produced
elements to generate an expressive architectonic language of exposed concrete blocks,
sheet metal, and thin steel structures.

Hopkins Partners, Schlumberger
Cambridge Research Centre,
Cambridge, England, 1984
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1990s

The period from end of the 1990s into the 2000s seemed to represent a downturn

in industrial architecture in general. This can be ascribed in part to the prevalence of
inexpensive prefabricated concrete, steel, and aluminum elements preferred by clients

for economic reasons, reducing the design capabilities of industrial architecture and
consequentially degrading their attractiveness to architects. We can also associate industrial
architecture's stagnation with a construction boom in residential, corporate, cultural, service
sector, and public buildings that left the pursuit of industrial architecture largely hidden from
the public eye. Ancther significant paradigm shift in the nature of industry at this time was the
continuing infiltration of technology and communication systems into industry and industrial
production, a shift that has yet to be fully appreciated by architects.

The 1990s was an era characterized by the widespread introduction of computation into
design, directly affecting the architectural process. The result for industrial architecture
was twofold: first, the structures of buildings became more complex, enabled by the
formal and organizational capabilities of computational design and construction; and
second, the performative aspects of buildings in issues such as energy consumption,
insulation, and natural and artificial lighting became parametric data that could be
factored into the design process.

The results of computational design appear in the distinctly angular forms of a number of
buildings with highly complex structural systems. For example, Warehouse C in Nagasaki,
Japan (1997), by Roto Architects, combines an orthogonal concrete base with a planar
geometric superstructure of structural steel and steel plates, which were manufactured

by local shipbuilders; a semi-transparent fabric covering tops off this complex weave

of materials and forms. Likewise, the Odérfer Building in Klagenfurt, Austria (1992), by
Volker Giencke, features a dramatic sloping glass roof, glass curtain wall, and a prominent,
complex system of steel structural elements.

In terms of building performance, projects such as the Thomson Opto Electronics Factory
in Saint Quentin-En-Yvelines, France (1990), by Renzo Piano Building Workshop, utilized
data models on significant environmental control issues for this electronics manufacturer.

RoTo Architects, Warehouse C,
Nagasaki, Japan, 1997
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Key functional requirements in ventilation and natural and artificial lighting led to the

development of the primary structural module, which extends ||near|yfaCF053dth‘i"r(‘;5:r?;0"y

to accommodate a variety of functions. These moldules, composeq 0 .ourvel tg

with a thin structure that allows for extensive tg'f\z'“g-f;?iﬁﬁféﬁ?ﬁ'ﬂ!ﬂﬁ f;k:;?:tso were
esigned by Piano specifically for this project: A Siml .

:ccgunt they Workplaie envirosrl'sment of an electrorlllcs manufgcturg, was t?kesn‘:;:] (S)?:me|

Gradoli, Luis Herrero & Arturo Sanz for their Fa'b”C'a de EQHIPOS ectronut:.() e

i ia, Spain (1996). Here, after detailed lighting gtudnes, custom vertical skylig

e acturer: the prominent steel-framed skylights on the

[ i f the manuf . :
complied with the needs ¢ ternal climate as well as an expressive role in

roof play an impartant part in the building's in
its overall thin structural system of steel.

Energy usage and sustainability also played an important part in the concept for Thomas

Herzog's Wilkhahn Assembly Hall in Eimbeckhausen, Germany (1993), which utilized

a system of non-ventilated green roofs of glue-laminated timber panels and plywood

veneering supported by a laminated timber structure allowing for large Spaiis: The green
roof of the hall regulates heat accumulation during the summer, FEdUCG‘T nC_HST (lje\feilsl; and
delays rainwater drainage; the building embraces a commitment to ecological design.

In this period of increasing concern for ocological issues in all aspects of architecture,

industrial/infrastructural building types, such as power stations, waste incinerator stations,

waste transfer stations, thermal heat transfer stations, and the like grew in importance.

This includes the Thermoselect Waste Incineration Plant in Verbania, ltaly (1991), bleotta,
which utilizes a lightweight modular truss structure .to create the. pufposefurlly \s/\);mb;hc
architecture of industry as an envelope to hide the internal functions, and the Wos

Heat Transfer Station in Utrecht, Netherlands (1997), by NL Architects, with its black

polyurethane membrane-clad exterior envelope that provides opportunities for sporting

[ in Bagnone, ltaly (1998), by
viti iti thermal Power Station Enel in Y
i i s time a series of CorTen steel ribs that arch over

i Studi thi |
R ing the building with the wild, hilly landscape.

the technical functions, unifying and integrat
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Gradoli & Sanz Arquitectes, Fabrica
de Equipos Electrénicos Inelcom,
Valencia, Spain, 1996

Herzog + Partner, Wilkhahn Assembly
Hall, Eimbeckhausen, Germany, 1993

Herzog & de Meuron, Dominus Winery,
Yountville, California, United States, 1997




The 1990s was a period of economic growth that sustained the globalism that had
characterized the latter part of the 20th century for industry. Corporations were closely
woven together in worldwide networks of production and distribution that continued to
extend further into new and varying geographies. For the architecture of industry this
meant a continuation of regionalism, which provided innovation in the development of new
structural, architectural, and operational concepts. Noteworthy examples include the Braun
Production Center in Melsungen, Germany (1993), by Walter Nageli, James Sterling and
Michael Wilford, which uses a mix of functionalism and historicist archetypes based on the
ancient Roman period in order to enhance the visual character of the German landscape,
and the Fagar Soft Drink Factory in San Juan, Uruguay (1997) by Miguel Angel Odriozola
with engineer Elaido Dieste, which uses the latter's masonry shell construction to create
barrel vaults in an inexpensive combination of concrete and brick that thrust out over the
base to shade production and circulation facilities. The Dominus Winery in Yountville,
California (1997), by Herzog & de Meuron, includes an iconic envelope of gabions filled }
with small blocks of local basalt stone that act as a mesh and heat regulator.

Technological innovation in the 19th and

early 20th centuries fundamentally altered
architecture by producing materials that made
construction more effective, robust, and flexible.
Today a similar transformation may occur ,
through 21st century technology, producing
equally dramatic results.
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2000s

At the start of the 21st century, as industrial architecture transformed and industrial
capitalism lurched forward, the strains of industrial architecture continued with themes
that had occupied practice for many years. Modernist aesthetics, high-tech approaches,
prefabrication, ecology, regionalism, and organizational and operational functionalism
guided projects throughout the decade.

In Germany, the practices of leading figures in industrial architecture, such as Henn and
Ackermann, produced works based on structural and modernist aesthetics. A hybrid

of automation, warehousing, and structure can be seen in Erco Leuchten High Bay
Storage in Liidenscheid, Germany (2001), by Schneider + Schumacher, where the
structure of the pallet warehouse is formed by the storage racks. These racks are served
automatically and exposed behind a double-glazed facade that integrates the building
and its architecture into the manufacturing process.

Ackermann and Partners' Marker Cement Factory in Harburg, Germany (2000), clearly
organizes the main functions in volumes with pure geometries, the most distinct of which
is the space underneath the circular dome that stretches over 16 arched three-chord
steel-tube girders. That Ackermann is a master of visual clarity and the use of architecture
to organize industrial functions can clearly be seen, even at the vast scale of this cement
factory. Likewise, Henn Architekten's Autostadt in Wolfsburg, Germany (2000}, is a
unique building type, a warehouse parking facility that merges automation and computer
control with structure. Automobiles emerging from production are temporarily brought to
the glass towers via conveyor belts and elevators on their way to distributors, exposing
and integrating manufacturing at the building scale.

The automated systems integrated with structural elements, such as in the Autostadt and
Erco Leuchter High Bay Storage, are exemplary of the current nature of industry where
the human element is almost nonexistent, and thus a minor aspect of the architectural
concept. In the future, architects will increasingly have to integrate their designs with the
organizational and operational aspects of computer-based automation at the cost of the
“human environment,” going beyond the levels only hinted at in these buildings.
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The same issues confront architects when they take on buildings in which energy savings
is a design priority, where an ecological consciousness must inform fundamental design
decisions. The Solvis Zero Emissions Factory in Brunswick, Germany (2002), by Bain

& Riecks, and the Microtech Plant in Gals, Switzerland (2002), by Crochon Brullman +
Associates, are recent examples that merge the processes of nature with industry and
technology to reduce energy use and environmental impact. The high-tech approach

is also a part of this ecological thinking, such as in the McLaren Technology Gentre

in Woking, England (2004), by Foster + Partners, which factors the company’s own
environmental technologies into the building’s architecture.

Finally, regionalism in architecture continues to be a noteworthy theme in new expanding
geographies, as can be seen in a series of warehouses in India by Khanna Schultz. In
particular, Schultz's Writer Warehouse in Delhi (2004) uses a combination of in-situ and
precast-concrete elements to make a strong architectonic statement in a warehouse
where energy savings, natural lighting, and ventilation are important factors.

BIBLIOGRAPHY

Ackermann, Kurt. Building for Industry.
Translated by Michelle Spong.
Godalming: Watermark, 1991.

Adam, Jurgen A., Katharina Hausmann,
and Frank Jiittne. Industrial Buildings:
A Design Manual. Translated by Fiona
Greenwood and Jérn Frenzel. Boston:
Birkhiduser, 2004,

Aitchison, Mathew, ed. The Architeciure
of Industry: Changing Paradigms in
Industrial Building and Planning. New
York: Routledge, 2014.

CIB-UIA. Aspects on industrial
Architecture and Engineering. Helsinki
Building Book Ltd., 1989.

Bonifazio, Patrizia, and Paolo Scrivano.
Olivetti Builds: Modern Architecture in
fvrea. Milan: Skira, 2001.

Broto, Carles. Architecture for Industry.
Barcelona: LINKS International, 1997.

42

Cavallotti, Carlo. Architefiura industriale.
Milan: Gérlich, 1969.

Grube, Oswald W. Industrial Buildings
and Factories. New York: Praeger, 1971.

Hayes, Brian. Infrastructure: A Guide
to the Industrial Landscape. New York:
W.W. Norton & Company, 2014.

Mostaedi, Arian. Factories & Office
Buildings. Architecture Design series.
Barcelona: LINKS, 2003.

Phillips, Alan. The Best in Industrial
Architecture. London: B.T. Batsford,
1993.

Raja, Raffaele. Architettura industriale:
Storia, significato e progefto. Bari:
Dedalo, 1983.

Reyner, Banham. A Concrete Atfantis:
U.S. Industrial Building and European
Modern Architecture 1900-1925.
Cambridge, MA: MIT Press, 1986.

Smith, Virginia, Brian Ralph, Elizabeth
Pisani, and Rosie Cox George. Dirt: The
Filthy Reality of Everyday Life. London:
Profile Books, 2011.

Stock, Wolfgang Jean. industrial
Architecture in Germany—Continuity
and Change: Mérker Cement Works,
Harburg, Architekten Ackermann und
Pariner. Munich: Prestel, 2000.

Uffelen, Chris van. Factory Design.
Translated by Alice Bayandin. Berlin:
Braun, 2009,

Wild, Friedemann. Gewerbebetriebe,
Produktion, Veredelung, Dienstleistung.
Vol. 25 of Entwurf und Planung. Munich:
Callwey, 1974.

Wild, Friedemann. Industriebau,
Fertigungsbetriebe. Yol. 1 of Entwurf tind
Planung. Munich: Callwey, 1969.

43

Ackermann and Partners, Marker

Cement Factory, Harburg, Germany, 2000

Henn Architekten, Autostadt,
Wolfsburg, Germany, 2000

Schneider + Schumacher, Jérg
Hempel, Erco Leuchten High Bay
Storage, Ludenscheild, Germany, 2001




Interest in obsolescence arose from a major shift in thinking during the later part of the
20th century toward the reuse of existing stock and away from the excessive dominance
of new building. Essentially it stems from the general understanding that buildings, like
machinery and durable consumer goods, were to be eliminated and replaced when

they became obsolete. In the automobile industry, for instance, the rising popularity

of Japanese brands during the late 1960s and 1970s pushed US carmakers toward
producing more durable models with lower rates of obsolescence., Other products
including buildings followed suit, in the latter case also spurred on by a noticeable rise in
historic conservation and other landmarking activities in the late 1970s. Further, the more
recent clamaring in the direction of sustainability for built environments has given further
rise to minimizing obsolescence and extending the longevity of buildings as physical,
economic, and societal investments. Nowadays, older and blatant policies of “planned
obsolescence” are often frowned upon or scrutinized in efforts to extend, or eliminate
the artificial notion of, the limited useful lives of products, including buildings. Indeed, in
addition to leanings toward the conservation of material content and other resources put
into the construction, maintenance, and operation of buildings, a moral stance has also
emerged around issues associated with building and environmental sustainability, usually
embracing long-term considerations and reuse of existing stock. Certainly the advantages
of planned absolescence in the technical progress of ever-improving goods and services
have been called out by claims of wastefulness and consumer exploitation, voiced by
pundits like Vance Packard as long ago as 1957 in his Hidden Persuasion.

At root, obsolescence refers to something no longer in use, old-fashioned, and vestigial.
As such, it is not a natural phenomenon but one that is a matter of human action. As

the title to this short essay implies, it is also a cause rather than an end that, combined
with sheer physical deterioration, results in depreciation of a product as an outcome,

in this case a building, leading to potential demolition. On these scores demolition and
replacement rates vary quite considerably. Some place the rates of building construction
to demolition rates in Europe at around 11.7:1, ranging as widely as 4:1 in Germany to
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15.7:1 in France.! Full depreciation—that is, the useful lives of buildings—in the United
Kingdom have, on average, been placed at slightly less than 100 years, whereas in

the United States it is more like 70 years. In China, with less mature markets and more
uncertainty for building in play, this figure drops as low as 30 years.* Given a reasonable
universality of building materials, the variation only further underlines the human values
and actions involved with obsolescence. Basically, all other things being equal including
upkeep, replacement, and so forth, the fully depreciated or useful life of a building is
around 63 percent of its intrinsic physical life. In fact, not inappropriately, degradation
over time has been referred to as the “fourth dimension” of building.®

Causes of obsolescence can be manifold—physical, economic, functional, technical,
social, legal, and political.* Physically, for instance, some materials deteriorate

more quickly or thoroughly than others in the overall composition of buildings. From

a sustainable perspective this would argue for long-lived and durable materials.
Economically, the type of building and its location, quite apart from quality, can often be
meaningful. Again, sustainability in this context would argue for flexible building types
vis-a-vis uses and locations. Also, the cost of continuing use compared to the expense of
substitution, for instance, is often a pervasive economic factor. Functionally, flexibility in

a building's response to use has merit, although the relative ubiquity of certain buildings
to well-matched uses also seems to play a role. Technically, the components of buildings
are at stake, often with different renewal cycles and among building types. Studies of
buildings in the United States, for instance, have placed the renewal cycles for windows
at 15 years for condominiums and 10 for retail and office uses, whereas air conditioning
equipment enjoys a uniform 10-year span across all three uses.® Socially, market and
other forces come into play in shortening or prolonging obsolescence with regard to
style, area reputation, aesthetic qualities, historic significance, and related characteristics.
Legally and politically, failure to comply with standards or to meet new legislation
reflecting cultural trends, such as disabled compliance, can quickly and decisively result
in high rates of obsolescence for nonconforming buildings.

Paths of performance versus time

————  Path with regular maintenance
_____ Path without maintenance

— - — - Path with renewal and reinvestment

Benefits

L Losses

Development Stablization Decline

Time (+)
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Interaction among the different attributes of obsolescence also produces varying causal
outcomes and, ultimately, impacts on depreciation of buildings. As noted, different
technical components have different effective lives and replacement cycles, although a
particular building may be very long standing. The US Capitol Building, for example, is
over 200 years old and likely to stand for a very long time to come. This will hold even as
obsolescence over the years has led to changes in electrical and mechanical systems
on the technical side of things, and the construction of several new buildings to provide
needed accommodations when the original building proved inadequate on the functional
side.® This case also counters the “weakest link” argument in building obsolescence that
holds that it reflects the least durable or otherwise long-lasting aspect of a building's
composition or function. For the US Capitol, the cultural value of the building trumps

all other attributes in its continued use, appreciation, and conservation. Also the sheer
convergence of numerous attributes toward significantly delayed obsolescence, even

in spite of potentially substantial physical deterioration, can come into contention. Loft
living, working, and retailing in New York's SoHo district is a case in point. There, use
flexibility, location, social cache, and legal landmarking preserve the late 19th-century
mid-rise structures, despite the rather constant maintenance and replacement that must
be lavished on the cast-iron and other building facades.

Ultimately, obsolescence as a cause of depreciation and eventual demolition is primarily
responsible for the conformance of a building to acceptable levels of performance

in all respects over time. According to several authoritative accounts, this can be
represented in a 2-space of “performance” against “time,” where the profile of a building's
performance rises to some higher or optimal level, usually above some overall acceptance
threshold, before declining more rapidly with no maintenance than with regular attention
(see figure on page 46). Further longevity can be brought about for the building through
renewal and reinvestment, thus arresting depreciation at least for some period of time.”
Clearly in cases like the US Capitol Building, this cycle can be prolonged presumably
indefinitely. However, even in the field of outright historic preservation, arguments arise
over how and what to preserve in perpetuity. Theoretically, if the renewal and regeneration
cycle is extreme enough, the benefits deriving from the revived building will outweigh

the losses, as shown by the separately shaded areas, and obsolescence and eventual
depreciation will also be prolonged.

Returning to attributes of obsolescence, this may
entail looking for functional flexibility, effecting
mergers between two or more well-known

types in order to thoroughly cover a situation,
accommodating technical interchangeability in
an open and accommodating manner, or even
playing off of an otherwise historic and culturally
significant structure by reusing it...
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In yet another framework, obsolescence can be seen to be brought on along a vertical axis
in gradations between the inirinsic physical character of a building through to its response
to behavioral circumstances.? On another horizontal and orthogonal axis the variation is
from endogenous circumstances concerned with the fabric and make-up of the building
itself through to exogenous factors affecting the life of the building in its broader social
and cultural context (see figure on page 49). Clearly, the aspect of “control” increases
toward the upper left-hand comer of the 2-space, whereas “complexity” increases to the
bottom right-hand corner. Moreover, it can be suggested that as a market becomes more
competitive and mixed, product life spans tend to increase. For instance, presumably

very few competing models will result in convergence o one or the others, eliminating
significant amounts of product, in this case building types. Further, the likelihood of one
continuing to dominate without change is probably remote.

In the realm of architecture and building production there are several general approaches
that can be adopted toward projects, particularly from the vantage point of delayed
obsolescence. In many cases some sort of adaption of familiar or otherwise-known
building types is adopted. In other cases a focus is trained on making specific, necessary,
and often narrowly defined requirements leading to special-built structures and
programmatic accommodations. Then there is a mode somewhat akin to hedging one’s
bets and producing hybrids by amalgamating aspects of either well-known solutions or
special-built options. Returning to attributes of obsolescence, this may entail looking for
functional flexibility, effecting mergers between two or more well-known types in order

to thoroughly cover a situation, accommodating technical interchangeability in an open
and accommodating manner, or even playing off of an otherwise historic and culturally
significant structure by reusing it, for instance. In many cases hybridization will occur in
conjunction with an existing structure, although certainly not always. Returning also to
the broad framework of performance with regard to time, sustained certainty in a market
place for a particular generic kind of building may argue for well-trodden approaches.
Extreme special-built options would seem risky unless, of course, they achieve a broadly
acclaimed iconic status, in which case they may persist as parts of a cultural heritage
for long periods of time. In today’s world, however, such attention appears to be turning
toward redevelopment opportunities rather than outright tabula rasa development. Amid
the rising moral tone of sustainability, hybridization of some sort appears as the most
longstanding approach by way of its inherent and incremental modification, as well as the
“hoth-and” that results in more potential for building outcomes.
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Our everyday lives are dependent on industrial and infrastructural facilities, such as large
production plants, water and sewage facilities, and energy and waste treatment centers.
For a society that thrives to be sustainable, we face many challenges to organize these
necessities in ways that make as little impact on the environment as possible. In addition,
increasing numbers and densities of people will be living in urban areas. We have to
consider how to handle all demands in a new way if we are to develop into a society that
takes on our current environmental challenges.

We are making efforts to reduce waste, to move toward a circular economy, but ultimately we
will still generate waste that will need to be processed. As the use of landfills rightfully comes
to an end, we must seek new waste management solutions. Ideally these solutions should he
situated close to where waste is produced to avoid long transportation sequences.

As Sweden and other countries have shown, waste can be turned inte energy, and more
countries now recognize the possibilities Waste-to-Energy facilities hold. But is it possible
for WIE plants to become a part of the urban landscape? Is it feasible to have these
incineration plants close to where we live? Could we accept them? |s there a role for the
architects who have been absent in this field?

In the early days of industrialization, design architects played an important role in
designing these urban necessities. But over time, industrial plants have grown to lack
expressive design and be viewed as purely functional. The plants’ appearances have
been governed by the processes they contain.

We are now beginning to rethink and challenge the strictly utilitarian view of WHE facilities.
Can the processes be adapted to the architecture and work within the city fabric? Is it
possible to treat waste where we create it? Can we can reduce transportation distances
and produce energy in proximity to its users? Can design be a game changer when it
comes to the general public's acceptance of WE plants?

Aligning the necessary stages in an incineration plant with the design required for
community acceptance in the urban environment is a great challenge. Sweden as

a country and Tyréns as a company have been given the opportunity, along with the
Harvard University Graduate School of Design, to push this important work forward and
hopefully inspire cities to take on the challenge of turning waste into energy.

Another Perspective

ULRIKA FRANCKE
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A well-designed built environment contributes to a host of environmental, economic, and
social benefits. Using the Waste-to-Energy plant, this work aims to show that eliciting
the greatest value from infrastructure and industrial projects requires the reconsideration
and repositioning of the role of design and architecture in such projects. The material
presented here captures, identifies, and suggests themes that emerged during our
investigations, and includes suggestions of priorities for academia, design, and industry.
This will promote significant improvements in the role that design plays in industrial and
infrastructural projects on many scales.

Our research was based on a number of key objectives, all designed to work toward our
main goal. We aim to strengthen the understanding of what is known and not known
about the role of design in WAE facilities, looking to find out why there are outstanding
gaps in this area, what they are, and how they can be addressed with design. We
identify procedures of good and bad design with the aim of improving future approaches.
The research develops working methods and processes that enable collaboration
between designers, architects, clients, policymakers and other stakeholders, and makes
recommendations for future research, education, and industry.

Other objectives include identifying new integrative framework or methods are needed
to better promote design, educational material that can be developed to promote work in
this area, and examining the role of “planned obsolescence.

This all came from our research hypothesis—that while architecture and design are absent
(if not completely neglected) in WIE projects, these disciplines can contribute significant
value through programmatic hybridization, performance enhancements, contextual
assimilation, and increased societal acceptance. In addition, the demand for WHE facilities
is likely to increase worldwide due to waste production and the demand for alternative
sources of energy locally, which helps justify our research.

We took a hybrid approach to research, consisting of three methods: quantitative,
qualitative, and design. Quantitative methods enabled us to forecast demand, understand
input/output mechanics of WIE facilities, and performance parameters in the facility both

Methods of Research

HANIF KARA AND ANDREAS GEORGOULIAS
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as-is and in potential programmatic hybrids. Qualitative methods allowed us to identify
key socio-economic enablers for WHE facilities and to understand key stakeholder drivers
through semi-structured interviews. Finally, design methods helped us develop and test
the proof of concept for prototypical design solutions and programmatic hybrids.

We primarily focused our research on US and Swedish cases, providing focus and a data
sample through the study of two polarizing extremes. This comparative approach permits
a good understanding of the issues that connect design, policy, and economics, allowing
us to identify the landscape of current practice and future directions of applicable
research. This maintains statistical validity due to the substantial amount of data available.

Our research was validated through the focus group approach, comprising industry and
academic experts and key stakeholders (design, technology, policy, and economics).
These groups met biannually to review the research output and provide recommendations
for improvement.

Following the development and maturity of our findings, the research was then
disseminated through graduate seminars and design studios, which have released
primary findings to small groups of students and faculty. The publication of the widely
completed body of knowledge then occurred three years later.
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In ancient times, populations relied for existence on purely natural elements, such as
wood, bones, and plants. These hunter-gatherers disposed of their waste by leaving it
where it fell. Gradually, however, more sophisticated methods arose to deal with waste.
The first recorded landfill was in the Cretan capital of Knossos in 1500 BCE. The Minoan
people created dump sites where waste was placed in large pits and covered with earth.
Historical records indicate that the Athenians were the first to have institutionalized waste
management. In 500 BCE, the Athenians mandated that waste be deposited no less
than one mile from the city and banned the dumping of refuse on city streets. However,
with the end of the Classical era, it would be another 1000 years before the first policy
changes would begin to influence societies in Europe (see figure on pages 58-59).

As populations and economies grew, people lived closer together in cities and towns
and generated more waste. Despite some early waste management efforts, there was
little understanding of the connection between sanitation and disease. Uncontrolled
waste and sanitation issues prompted a series of epidemics, which swept across Europe
between 1348 and 1665. The biggest of these was the Black Death during the 1340s,
resulting in an estimated 75 million deaths—between 30 to 60 percent of the population
of Europe at the time. From the Middle Ages and into the Industrial Revolution, people
continued to die from infectious diseases—the plague, cholera, and typhoid—related to
unsanitary conditions and crowding.

Across the Atlantic Ocean, America had its own interesting relationship with trash. New
Amsterdam passed a law against dumping waste in the streets in 1657. In 1690, Ritten-
house Mill, America’s first paper mill, opened in Philadelphia, Pennsylvania, and made u
paper from recycled cotton, linen, and used paper. This is considered to be the first effort
toward major recycling in the New World. Benjamin Franklin was a famous advocate

for the proper disposal of waste. In 1739, he led an effort to petition the Pennsylvania Il
Assembly to stop commercial waste dumping in Philadelphia and remove tanneries from
the city's commercial district. Eighteen years later, Franklin began the first American colo-
nial municipal street-cleaning operation, also in Philadelphia. Yet elsewhere in America
and Europe, there were few municipally organized systems for the collection and disposal

History and Reality
of Waste

LAURA SMEAD

New York City Department of Sanitation, Furniture
Collection in New York City, 19th century
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FOR MILLENIA HUMANS HAVE PRODUGED WASTE. HOWEVER, THE ROAD TO REUSING REFUSE
HAS BEEN ONE PAVED WITH INCREMENTAL STEPS OF TECHNOLOGICAL ADVANGEMENTS, THE
RISE OF NEW MODELS OF OPERATION, VISIONARY ADVOGATES, AND POLICY CHANGES, OFTEN
SPURRED BY SIGNIFICANT EVENTS THOUGHOUT HISTORY.
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effort fo peiition the
Pennsylvania Assembly 1o
stop commercial waste
tumping in Philadelphia
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of waste, even when the economic boon of the Industrial Revolution led to a great waste
increase in urban areas. By the 1800s, waste was piling up in cities, and rats and cock-

roaches infested most dwellings, including the White House. To deal with the waste, the
city of Charleston in West Virginia enacted a law in 1834 protecting vultures, which ate

city garbage, from hunters.

In 1842 a British report linked putrid environmental conditions to disease, launching the
“Age of Sanitation" and resulting in the Public Health Act of 1848, which formally began
the process of waste regulation in Great Britain. Similarly, in the United States in 1864,
health officials in Tennessee hypothesized a correlation between the spread of yellow
fever in the Memphis area and the garbage being dumped throughout the city. To reduce
the threat of disease, residents were told to take their garbage to specific locations on
the edge of town. A few years later, in order to prevent mass scavenging and to clean
up the country, the British Public Health Act of 1875 gave authority to waste collection.
From this act came the first (modern) concept of a movable garbage receptacle.

In 1874 the technology of waste disposal began in Great Britain as the first “destructor”
was designed and constructed in Nottingham. These prototype incineration plants
burned mixed fuel, producing steam that generated electricity. Over the next 30 years,
250 destructors were built, but they fell out of favor because of the noxious smoke
produced. In the United States the destructor’'s American counterpart, the incinerator,
was constructed in 1885 on Governor's Island, New York, and around 180 incinera-

tors were constructed by 1900. However, as had occurred with the destructor in Great /O PACKAGING N

Britain, over half the incinerators were abandoned or dismantled by 1209 in response to /ff \3\\
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In the 1950s both the volume and forms of waste increased, and toxic waste became
more commonplace. The first serious waste regulations were established during the
1960s, and the 1970s marked a turning point for waste considerations, as environmental
and larger community health concerns came to the fore. A similar “environmental awak-
ening" was likewise happening in Europe. In 1970, the United States celebrated its first
Earth Day, and the United States Environmental Protection Agency (EPA) was created.
Many major environmental laws and policies followed in the early 1970s, including the
Resource Recovery Act, the Clean Air Act, and the Clean Water Act. These new laws led
to the closure of many older incinerators and landfills that could not adequately control
their pollution. The first citywide use of curbside recycling bins occurred in the United
States in 1974, By 1975, all 50 states had some solid waste regulations. Three years
later, the Public Utility Regulatory Policies Act guaranteed a market for energy created

by small power producers and encouraged growth of the Waste-to-Energy industry. This
led to incinerators being retooled as “resource-recovery” facilities, equipped with refined
pollution-control devices.

Since the 1980s sustainable waste practices have become increasingly prominent. In
particular, Ad Lansink of the Netherlands introduced the “waste hierarchy,’” which priori-
tizes waste prevention, then re-use, recycling, incineration {with energy production), and
landfilling as the least desirable option. The hierarchy has guided waste management
policy in many countries around the world.

WASTE TODAY

Waste management is recognized as a fundamental prerequisite for sustainable develop-
ment. Collection and treatment systems manage a part of the 1.3 hillion tonnes of solid
waste that is generated each year in cities.” However, a large proportion of that waste

is still dumped to landfills or simply thrown away. This carries profound and multidimen-
sional impacts for the environment and our societies at large. According to the World
Bank, from 2002 to 2012, global waste generation increased by almost 100 percent,
from 0.68 billion tonnes to 1.3 billion tonnes per year, while urban populations increased
by just 10 percent.?

Ultimately waste generation becomes a part of a vicious resource-to-waste conversion
cycle, perpetuated by insatiable, resource-intensive consumption and our affluent soci-
eties’ constant need for more. As societies urbanize, they become wealthier, and by
extension they utilize more resources and create more waste. In general, waste gener-
ation is inextricably linked with the level of economic development. However, waste
generation varies greatly even within the same regions and countries. Highly developed
countries and regions, such as the countries belonging to the Organization for Economic
Cooperation and Development (OECD), are associated with the highest waste gener-
ation levels, often many orders of magnitude higher than waste generation levels in the
least developed regions of the world (see figure on page 64). Furthermore, even though
the population numbers in the OECD regions and Africa are almost equal, the OECD
region produces one hundred times more waste than Africa.® One of the world's largest
waste generators, even when compared to other highly developed regions, is the United
States. During the last 50 years, per capita municipal solid waste (MSW) generation has

Throughout the 1990s and early 2000s there have
been increasingly widespread plans for reducing waste,
incentivizing recycling, and discouraging of landfilling in
Europe and the United States. Many clean WEE plants
were built in the 1990s to reduce the amount of waste
going to landfills. However, the amount of household
waste continues to rise with increased populations,
incomes, product availability, and packaging.

increased by more than 70 percent in that country.” In 2012 the United States produced
724.6 kg per capita, while Estonia had the lowest generation rate within the OECD
region, producing 279.1 kg per capita.® In contrast, Ghana produced 0.09 kg per capita
per day (or roughly 32.8 kg per capita per year).?

The composition of waste also differs significantly between regions. The average MSW
stream consists of hundreds of items; however, waste in affluent societies such as North
America and Europe contains high volumes of paper and plastic and lower quantities of
organic materials.” In comparison, waste composition in less-developed societies, such
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as in southeast Asia and Africa, is characterized by a much higher organic content and
lower quantities of paper, metals, and plastic.” This difference in waste composition is
influenced by various factors, such as cultural norms, location, and climate, but the most
prominent driver is economic development. As regions urbanize and grow wealthier they
witness a rapid increase in production and consumption of inorganic materials, such as
paper and plastic, while the organic content of their waste streams gradually decreases.

Waste disposal also varies considerably by region and level of economic development.
Landfilling is the most common disposal method throughout the world. However, most
less-developed regions rely exclusively on landfilling, while affluent regions have intro-
duced various alternative treatment methods in their waste management systems such as
recycling, composting, and thermal treatment. In addition, alternative treatment methods
and advanced waste management systems are also linked with a region's income level.
Less developed regions are less able to source the extensive capital requirements
required to operate and manage proper waste collection and management solutions, and
thus rely more on landfilling practices (see figures on pages 64-65).°

No data available

MSW generation per capita per day
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|: - No data available

| 0-10%

Eé L -19%

- 30-39%
- 40-49%
- 50-59%
- 60+

Recycling rate

Percentage of waste to landfill
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WASTE-TO-ENERGY HOTSPOTS

Converting waste into energy, or thermal treatment of waste, is the third most common
method of MSW disposal globally, after landfilling and recycling.’® Since WIE facilities
require high capital investments, often significantly higher than landfills, comprehensive
WIE facilities exist in middle- to high-income regions with advanced waste management
systems. Other than a few exceptions, such as China, less-developed regions lack

the resources and sufficient capital to introduce these facilities into their waste
management systems.

WIE surpasses recycling in affluent societies worldwide, and the key hotspots are found
in the United States, northwest Europe, and Asia. In Asia, key countries by size are Japan,
Korea, and China; these account for nearly 90 percent of all WHE activity in the region.
Similarly, the northeastern states in the United States and the northwestern regions of
Europe are the major hotspots for WEE in the United States and Europe respectively

(see figures on page 67).

Considering these WIE hotspots, an obvious question arises: why did WiE develop in
these specific regions and not in others? A close look at the history of the regions with
the most developed WIE systems reveals that all of them faced a specific set of chal-
lenges that made WIE economically feasible, especially when compared to landfilling.
Among the most important contributing factors is the lack of available space for landfills.
This is significant since landfill prices and gate fees tend to increase nonlinearly as the
availability of space for a landfill is reduced.

Beyond the availability of space, the second key factor is environmental pollution, namely
concerns with not being able to locate landfills far away from cities, potential contami-
nation of groundwater, and environmental degradation. Importantly, all of these hotspot
regions had faced substantial problems resulting from the contamination of their ground-
water resources by landfills and industrial developments, which galvanized public oppo-
sition to landfills and further supported alternative waste management solutions. Finally,
most of these regions are densely populated. This concentration of people leads to higher
waste production and increases demand for electricity and heat. In addition, most of
these regions, especially Sweden, Japan, and the European regions, lack comprehensive
fossil fuel resources. As such, other than a sustainable waste management solution, WtE
became a viable alternative energy source and a driving force in developing a balanced
energy portfolio not exclusively reliant on fossil fuel usage and imports."
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WLE facilities in Europe (by country)
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EUROPE AND THE UNITED STATES IN COMPARISON

Europe and the United States are the world's largest waste producers, accounting for
approximately 40 percent of global waste production.™ In 2012, both regions together
generated 473 million tonnes of MSW, with the European Union producing 245 million
tonnes and the United States 228 million tonnes.'® Yet, although the composition of waste
in the United States and in Europe is largely identical, the waste management systems of
the two regions vary substantially. Several countries in Europe have gradually managed
to minimize their reliance on landfilling through innovative systems with significant thermal
treatment and recycling capabilities. Of the European Union's waste, 31 percent goes to
landfills, 24 percent is thermally treated, and 45 percent is recycled and/or composted
(see top figure on page 69).' In comparison, landfilling waste is still the most common
disposal method in the United States (see bottom figure on page 69). Out of the 228
million tonnes of US waste generated, 54 percent end up in landfills, 26 percent is recy-
cled, 8 percent composted, and 12 percent thermally treated for energy recovery.'®

Notably, significant differences can be observed among states within the United States as
well as within European regions. For example, although the northwestern European regions
such as Sweden and Germany have developed highly efficient and innovative waste systems,
several central and southern regions continue to rely heavily on landfilling (see figure on page
70). Similarly, in the United States, the Northeast has extensive WiE and recycling develop-
ments, while the Midwest continues to rely largely on landfilling (see figure on page 71).

Europe and the United States are among the world's largest waste incineration markets.
In 2012, the European Union's 409 WIE plants treated 59 million tonnes of municipal
waste.'® Similarly, in 2012 the United States’ 84 WIE facilities treated approximately

27 million tonnes of municipal waste.'” These statistics exclude treated industrial and
hazardous waste. Statistics on total waste treated in the European Union WE plants in
2012 totaled anywhere from 79 to 137 million tonnes.'®

Evidently, although the European Union and the United States treat comparable amounts
of waste, the difference between their respective electricity and heat outputs is quite
significant. This happens because the average US heating and electricity requirements
are significantly higher, but also because the European WHE facilities and waste manage-
ment systems are often more efficient. Incineration facilities in northern European regions
such as Denmark and Sweden take advantage of widespread district heating networks

68

to provide heat to businesses and households, which elevates the difference in efficiency
levels." WAE facilities can achieve about 25 percent efficiency with power generation
and 85 to 90 percent efficiency with combined heat and power generation, which means
enhancing the efficiency of the plant by more than 340 to 360 percent. In general, WtE
facilities with combined heat and power capabilities are common in Europe, while in the
United States, only 20 percent (18 out of 84) operational WEE facilities are capable of
capturing heat when producing electricity. Furthermore, district heating networks in the
United States are still in the early development stages.®®

EU-27: 245 Million Tonnes of MSW in 2012
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CONCLUSIONS

In response to the rapidly rising waste generation rates and volumes, Europe and the
United States gradually developed sophisticated waste management systems that gather,
transport, and dispose of waste very efficiently on a daily basis. In just over 100 years,
the United States and most European countries have made the shift from dumping waste
anywhere to safely disposing of it in landfills or even utilizing it to produce resources.
This constitutes one of humanity’s greatest innovations, given the variety of costs and
impacts on human health that unsanitary waste disposal inflicted on global populations
for many centuries.

However, it is important to reiterate that in addition to currently being the world's largest
waste producers, Europe and the United States are also the regions with the most
advanced waste management systems, albeit with very different efficiency levels. Notably,
54 percent of waste in the United States still ends up in landfills, compared to 31 percent '
in Europe. As will be discussed in the following chapters, some European countries
foresaw rising waste generation rates as an opportunity to innovate; through integrated
planning, these countries promoted waste as a potential resource to reduce dependency
on imports and facilitate a more sustainable economy. This eventually led to the devel-
opment of widespread district heating networks, and the consequent aforementioned
differences in WIE outputs and waste management efficiency levels between the waste
management systems in Europe and the United States.
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UNITED STATES WASTE MANAGEMENT

Unlike Sweden, the United States continues to rely extensively on landfilling. Despite a few
exceptions, such as the northeastern states, the westernmost states, Florida, and Minne-
sota, America has developed numerous mega-landfills to accommodate the products of its
vicious, and increasingly detrimental, resource-to-waste conversion cycle. In 2012, Ameri-
cans generated approximately 251 million US tonnes of waste, of which 135 million tonnes
headed to landfills.'® Assuming an average landfill gate fee of $48 per tonnes, the simple
act of throwing waste into landfills approaches a cost of $6.5 billion per year.

Historically, all states relied greatly on landfilling and dump disposal up until the 1970s
and early 1980s. As such, they faced detrimental problems resulting from subsequent
massive groundwater contamination and pollution, especially in the highly populated
coastal states of the Northeast and Florida.' This was one of the most prominent driving
forces for the Resource Recovery Act Amendment of the Solid Waste Disposal Act

in 1970 and the Resource Conservation and Recovery Act of 1976." This legislation
facilitated a push toward waste incineration—however without requiring energy recovery,
recycling, or other alternative means.

These policies were specifically designed to encourage states to develop comprehen-
sive waste management plans, as well as to pursue more environmentally friendly waste
management and disposal methods, such as incineration with energy recovery. Over the
years, the policies were supported by a series of energy acts, such as the Public Utility
Restructuring Policy Act and the Energy Tax Act of 1978, which subsidized privately
produced power and introduced special investment tax credits. As such, W1E facilities
were able to establish long-term contracts at very competitive prices.

Today, communities increasingly endeavor to introduce recycling, composting, and
thermal treatment programs, among others, to facilitate resource recovery and help revi-
talize surrounding environments. However, although such alternative waste management
methods are becoming more efficient, they are not the preferred option. In the United
States, roughly 2,000 operational landfills occupy more than 6,000 acres of what would
otherwise be free, open landscape.’® Landfills are usually situated in remote locations
next to forests, occupying land that could be utilized for recreation or various other
purposes. They emit greenhouse gases that account for 2 to 5 percent of the country's
total emissions, pose significant odor and health risks, and cause long-term disruptions
to their surrounding environments.'” If all landfilled waste were to be utilized for resource
recovery, America could supply heat and electricity to millions of homes and exiract
millions less tonnes of coal. Why, then, are landfills still the most prominent method of
waste management in the United States? Reasons go beyond the familiar “Not in My
Backyard” pattern, when residents object precipitously to plans that site waste facilities in
their immediate surroundings.
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Money, not surprisingly, lies at the heart of the problem; the most polluting method of
waste management is also the cheapest. Although the total number of landfills has
decreased since the early 1970s, the vast areas of available land throughout the United
States enable the development of mega-landfills that accept waste at very low charges
and pose significant roadblocks to the transition toward alternative waste management
methods. According to the US EPA, reliance on landfilling and landfill numbers peaked
in the 1970s, but official stats are only available from the late 1980s. In 1988 there were
approximately 8,000 landfills in the United States, whereas in the late 2000s—the most
recent period for which data is available regarding the number of landfills—that number \
was reduced to approximately 2,000 landfills.'® Similarly, although landfill gate fees have

been constantly rising, the average US landfill fee is still low compared to other waste
management methods, and significantly lower than several European countries and the .
rest of the world. e

Percentage of MSW landfilled in the
United States (by state)
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For many states, transporting waste to out-of-state landfills is the most financially
feasible solution. After the landmark Supreme Court case on waste, Flow Control, in
1994, solid waste was designated as a commodity subject to interstate commerce
laws.™® As such, states were not able to control the final place of waste disposal or .
direct waste to a specific facility over long periods of time. This jeopardized the ability of |
WIE and other alternative disposal facilities to sign long-term contracts, while presenting
the option for cities to export waste to states with much higher availability of land and
disposal capacity. Taxpayers in New York, for instance, paid $2.2 billion to cover the \
state’s waste management needs in 2012; $300 million were costs for railroad, truck, ‘
and landfill operational expenses to transport and dispose of waste in out-of-state land- ‘
fills.2% The trucks travel 40 million miles annually, the equivalent of approximately 7,000 .
trips from New York City to Los Angeles.?’ The latest Congressional Research Service ‘
report estimates that in 2005 Pennsylvania received seven million US tonnes of waste
from New York and New Jersey, while Ohio received 500,000 US tonnes of waste from
New Jersey and 132,000 tonnes from Connecticut, both of which are located more
than 500 miles away. According to the report, from 1995 to 2005 state waste imports
increased by 147 percent.”

Percentage of MSW recycled in the
United States (by state)
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Percentage of MSW to WE facilities in
the United States (by state)
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SWEDEN AND THE UNITED STATES IN COMPARISON

Despite a similar MSW stream composition and waste management infrastructure,
Sweden has managed to develop a waste management system that relies extensively on
thermal treatment and recycling, whereas the United States has been unable to move
past its reliance on landfilling practices. Although the waste management systems of both
countries relied extensively on landfilling 40 years ago, today Sweden sends less than 1
percent of its MSW into landfills, while the United States has consistently been landfilling
more than 50 percent of its MSW (see figures on pages 85-87).

Other than the fact that Sweden is a much smaller country and produces much less
MSW than the United States, several specific factors made the transition toward more
efficient waste management and energy systems a success in Sweden. As we previously
discussed, Sweden has developed a regulatory environment that supports WtE and alter-
native waste management developments through various laws, economic instruments,
and governance structures. Waste management is established as a significant public
service, which is supported by mandates and regulations that make municipalities respon-
sible for all activities and services required for managing waste generated within their
boundaries. Then, municipalities are further supported by a well-established governance
structure that specifies a clear division of roles and the responsibilities of every actor in
the waste management system, under the umbrella of long-term national environmental
goals.?® Moreover, the Swedish waste management authorities have taken extensive
communication and public engagement measures to communicate and explain the impor-
tance of waste management, which not only creates a culture of environmental steward-
ship and widespread knowledge of waste management practices, but also minimizes the
potential for public opposition.

In comparison to Sweden, the United States currently lacks comprehensive waste manage-
ment policies at the federal level. As such, there are no regulations to mandate national,
long-term waste management targets, and there is no clear division of roles and responsi-
bilities at the state level. States have to come up with their own MSW management plans
and policies; they are only responsible for following the EPA's waste management hier-
archy. (In contrast, in Europe every country member is obligated to comply with the Landfill
Directive, which specifies measurable targets and policies to avoid the use of landfilling.2%)
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Furthermore, the United States lacks state subsidies and support schemes necessary
to facilitate WAE developments. In Sweden, for instance, the organic portion of waste

is recognized as a renewable source of energy, thus making WHE facilities eligible for
specialized incentives and subsidy programs.® In the United States, even though the
EPA has long recognized WiE as a renewable source of energy, many states do not yet
include WAE in their renewable energy portfolio standards.?

Moreover, the 1994 Supreme Court Flow Control case perpetuated widespread ambi-
guity regarding the exact roles and responsibilities for managing waste.”” Since this case,
states have been unable to restrict or to assign the final location of waste disposal within
their boundaries. As such, waste producers are not obligated to use disposal facilities
within their own community or state and can choose cheaper, out-of-state alternatives.
As a result, establishing long-term contracts and financing WHE projects has become
increasingly difficult, since facilities are not able to secure a stable supply of waste

over the long term. Without regulations and economic instruments such as a landfill

or a carbon tax, the availability of land for landfill developments throughout the United
States keeps the price of landfilling at very low levels and hinders the development of

Swedish waste management by type
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Percentage of MSW to Landfill
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alternative waste management practices. Notably, WIE is also among Sweden'’s cheapest
energy sources, since Sweden does not have significant fossil fuel resources or other
cheaper local alternative energy options. However, this is not the case in the US, where
most states enjoy significantly lower energy prices.?® Additionally, in the United States
VWAE facilities still face intense public opposition, since WAE is regarded as a barrier to
expanding the recycling market as well as a source of environmental pollution and health
risks. As such, new developments have been consistently delayed and blocked by envi-
ronmental groups and communities opposed to such projects.

The Northeast of the United States shares many similarities with Sweden with regard

to waste management. Although the Northeast has a much higher population rate and
produces more waste, it is the only US region that has managed to develop a waste
management system comparable to that of Sweden. Specifically, the northeastern states
rely extensively on thermal treatment of waste and recycling, and they strive to minimize
the use of landfilling practices. Furthermore, the Northeast is the region with the largest
number of WIE facilities, accounting for approximately 46 percent of total US facilities.*®
Connecticut, Massachusetts, and Maine, for instance, are the US leaders in WtE and use
thermal means to treat 67.1 percent, 42.2 percent, and 33.5 percent, respectively, of their
municipal waste.®®

According to the Northeast Waste Management Officials’ Association, the northeastern
states have developed a regional waste management system where, in contrast to other
states and regions, waste is exchanged and disposed of or recycled within the region.
Every northeastern state exports MSW to at least one other Northeast state, thereby
taking advantage of economies of scale that minimize transportation costs, as well as
circumventing any potential challenges with siting and developing disposal facilities.
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Similar to Sweden, the northeastern states benefit tremendously from cooperation and
coordinate their efforts to reduce the generation of waste and increase alternative modes
of treatment and recycling.”’

Over the years, the northeastern states have implemented stringent policies and waste
management mandates that exceeded the regional and federal requirements set by the
EPA at the time. For instance, decades ago, long before the EPA made it compulsory for
states and municipalities to do so, Connecticut and Maine adopted the waste hierarchy, a
guideline that specifies the most preferable waste management options and policies that
should be implemented in a specified order. As such, they have long been established as
leaders in environmental and waste-specific policy making.

The main driving force behind these comprehensive policies and progressive initiatives,
which were often initiated by the region's smallest states, was the fear of becoming a
regional waste repository. Furthermore, since most of the northeastern states are rela-
tively small, any potential issues with siting landfills and respective environmental impacts
are magnified. Thus, although all states relied extensively on landfilling in the late 1960s
and early 1970s, environmental degradation and landfill issues were a particularly promi-
nent source of concern in the Northeast.®* One of the most significant concerns regarded
the contamination of groundwater bodies. For example, the state of Connecticut, which
is ten times smaller than Sweden, had approximately 150 operational unsanitary landfills
in the late 1960s. Connecticut was one of the first US states to prohibit open dumping
of waste in 19686, and implemented the first statewide waste management strategy, the
Solid Waste Management Act, in 1971.%® Two years later, the Solid Waste Management
Services Act of 1973 promoted resource recovery as a favorable waste management
option and an environmental goal of the state: "“Maximum resource recovery from solid
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waste and maximum recycling and reuse of such resources in order to protect, preserve,
and enhance the environment of the state shall be considered environmental goals of

the state”®* Moreover, it established the Connecticut Resources Recovery Authority to
facilitate a regional, strategic approach to WtE.*® Finally, in addition to the federal landfill
requirements that were set by the Resource Conservation and Recovery Act of 1876,
Connecticut implemented more stringent regulations with regard to landfill planning stan-
dards and permits, and mandated that “beyond physical location requirements, a written
determination of need from the Department of Environmental Protection commissioner is
necessary for new or expansion permits for landfills’®

Similarly, Maine banned the construction of new landfills in 1989, and mandated the
closure and restoration of unsanitary landfill sites and open dumps. This raised questions
about the waste treatment capacity and whether the remaining landfill space was enough
to manage the state's waste. In response to these concerns, the state facilitated wide-
spread waste incineration and recycling efforts, aimed to avoid the use of landfills and
develop a more sustainable waste management system.”” Notably, Maine has traditionally
facilitated cooperative municipal action. For instance, the Municipal Review Committee

in central and eastern Maine has been established to negotiate and manage contacts for
the region’s 140 communities.®®

PROJECTIONS

Despite the urgent need to move away from landfilling practices, the significant efforts
and innovative waste management systems of a few US regions so far have not been
enough to drive a systemic change toward more sustainable waste management prac-
tices in the country. However, in the United States, as well as throughout the world, rapid
urbanization will continue to lead to increasingly higher waste generation. In the United
States, waste generation has already increased by approximately 10 percent in the last
ten years. In previous decades, that number was even higher, often exceeding the 30
and 40 percent mark. If the current trajectory holds, by 2020 the United States might be
faced with unprecedented levels of MSW and no adequate capacity to manage and treat
it in an environmentally responsible way. Worldwide projections are even more alarming.
According to the World Bank's estimations, by 2025 urban residents throughout the
world are expected to generate up to 2.2 billion tonnes of MSW per year, a 60 percent
increase compared to the 2012 generation levels.*® Currently, there is no accurate
estimate on when municipal waste generation is going to peak in the United States or
throughout the world.

Another aspect that further complicates the challenges ahead is that municipal waste
streams will continue to change. Although the composition of waste streams will remain
largely the same, the distribution of the main components across waste streams might
be considerably altered as a result of technological change. For instance, the amount
of electronic waste, paper, and packaging materials in US waste streams has been
constantly changing during the last decades, shifts that—although not significani—add

additional pressure on a recycling system that is also not supported by federal regulation.

Despite a similar municipal solid waste

stream composition and waste management
infrastructure, Sweden has managed to develop
a waste management system that relies
extensively on thermal treatment and recycling,
whereas the United States has been unable to
move past its reliance on landfilling practices.

Furthermore, the US WIE market is also set to experience considerable challenges.
Although in recent years some WAE facilities have expanded their original capacity to
treat more waste, the majority of the 84 operational US WIE facilities were built from the
late 1980s to the mid-1990s. As such, most of the contracts are set to expire relatively
soon, and the facilities would have to negotiate new long-term agreements that would
not include previous beneficial terms and subsidies. Without subsidies to make them
economically feasible, and in a waste management system that favors the use of land-
fills, most WHE facilities have been unable to continue their operations after the end of
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their initial contract. In addition, this issue impedes the potential for new WiE develop-
ments. As a result, the number of US WAE facilities has been constantly decreasing.

In 2011 there were 97 operational WLE plants in the United States, while by 2015 the
number had dropped to 84.%° In comparison, during the same period, Europe as a whole
introduced 12 new WiE facilities.*’

Yet the trend in the United States can be changed, and the stakes are high. A few quick
calculations can demonstrate the opportunity the country faces, and what it stands to lose
by neglecting to act now. In 2014, a study by Nicholas Themelis and Charles Mussche

at Columbia University found that if all the municipal waste disposed of in landfills in

the United States in 2011 were thermally treated, it could provide electricity for approx-
imately 13.8 million homes and heat approximately 9.8 million homes (provided those
homes had district heating).*> Moreover, it would prevent 123 million tonnes of CO? from
the atmosphere—the equivalent of taking 23 million cars off the road. In contrast, if the
current trajectory holds, the country will continue losing precious resources as well as
perpetuating environmental and health risks. States with higher population densities—
mainly along the coastlines—face the biggest problems. On the whole they lack adequate
space for landfills and they produce the largest amounts of waste per capita in the United
States. And siting and permitting new facilities in general, not only landfills, has become
very problematic due to community opposition. Thus, sooner or later states will run out

of options. Several states in the Northeast, for instance, need more landfill space than is
currently available. Even states that have traditionally been significant waste importers will
soon lose precious landfill space. For example, Pennsylvania imported 8 million US tonnes
of MSW and substantial amounts of industrial, construction and demolition, and other
hazardous waste in 2005, but the state is expected to face a significant waste disposal
crisis by 2020 if landfill capacities are not expanded or new facilities are not permitted.*®
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Given the significant amounts of waste that is currently treated in Pennsylvania and in

states with similar histories and capacities to import other states’ waste, without long-term

strategies the failure to introduce additional capacity and develop synergistic solutions
could lead to unprecedented consequences.

In summary, in 2015 there were 84 WiE plants in the United States. However, if the
country used its waste for energy production in a proportion equal to Sweden'’s, it would
need 368 plants in the entire country—and this is just for WiE, only a part of the waste
management portfolio. In other words, it is possible to foresee the need for thousands of
waste-processing facilities across the country. The potential, as well as the challenge, is

similar for the European Union, where approximately 876 (467 additional) plants would be

required to match Sweden’s rates of WHE processing. Within this space of opportunity,
new projects can offer solutions that generate clean energy and mitigate the negative
impacts of waste on the wider urban atmosphere and microclimates.

As the world's population continues to rise, waste generation will also rise, along with

greenhouse gas emissions and environmental impacts on the surrounding environments. '
In the next 10 years, the United States and Sweden will each have to add about one plant
a year just to keep up with current WE rates. The European Union will need approximately
40 additional plants by 2025 to keep up with current incineration needs. Notwithstanding

the economic, social, and environmental benefits of a waste management system that is
based on alternative management options, the United States has been unable to move

past its detrimental reliance on landfilling, which inevitably facilitates environmental degra-

dation and emits greenhouse gases that expedite climate change. What can be done to
improve this situation?
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CONCLUSIONS

First, there is an obvious need for changes in policy and regulations. As long as landfilling
waste is the cheapest option, and environmental and social externalities are excluded from
the pricing of waste, fewer treatment facilities will be built and, among those that do get
built, innovation will be constrained by project finances. Policies and regulations need to
change and evolve in order for US cities to have more, better, and healthier waste treatment
facilities. Successful examples of countries with innovative waste management systems
indicate that policy, design, and planning need to go hand in hand. In Sweden, where almost
100 percent of waste is diverted from landfills, a novel regulatory environment has been
fundamental in fostering the transition toward alternative waste management methods.

Next, landfill charges need to be steep enough to make the landfilling of waste econom-
ically and socially unsustainable and to make alternative methods viable financially. And
cities and towns need to learn to accept waste as a resource—even if it is something that
we collectively work to reduce. The utilization of economically recoverable waste streams—

combustible and organic waste—can lead to new ways of powering and heating our homes.

Furthermore, long-term strategic plans need to set overarching environmental and waste
management goals, promoting cooperation and communication as foundations to educate
and engage the public in the decision-making process. Through outreach and education,
the public can be motivated and become aware that their participation is crucial. This, in
turn, perpetuates a tradition of environmental conscicusness and waste reuse, as well as

public responsibility.
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HOW WASTE BECOMES ENERGY

In order to best understand Waste-to-Energy processes, it is important to understand the
facilities’ physical components, what they do, and their end results. We can easily deduce
that waste goes in, something happens to it, and energy comes out. However, there are
additional inputs, highly interrelated internal mechanisms, and numerous outputs that
inform the organization and other design opportunities within a given facility. Technolog-
ical development in the Waste-to-Energy sector has advanced to the point that a radical
shift in the technology seems highly unlikely in the coming years. Instead, refinements to
individual components that allow for more cost-effective or efficient solutions are likely the
future technology for these facilities.

AN OVERVIEW: WHAT GOES IN, WHAT COMES OUT, AND WHY COMPONENTS MATTER

The initial inputs of a typical WHE facility are waste, air, and water. The waste is brought
into the plant, tipped (or unloaded), mixed, and fed to the incinerator. To aid in combus-
tion, air from the tipping and storage areas is introduced into the furnace. The water is
isolated in an independent cycle of preheating, boiling, evaporating, superheating, and
expanding that drives the generation of eleciricity. After electrical generation, the sieam
condenses back to water. During this process, heat can be transferred to a separate
water source and sold to utilities as district heating. In addition, cleaned gases from the
incineration process are emitted to the atmosphere, while ashes can be processed for a
variety of uses or landfilled as a significantly reduced volume.

This transformation of waste into energy involves a series of distinct yet related compo-
nents. Like a living organism, a WLE plant has multiple possible component configu-
rations, required connections between the components themselves and with external
sources, and technical requirements for each element. This translates into complex
design decisions pertaining to spatial organization, clearance zones, and component
orientations. For example, some elements within the plant require significant space

for maintenance, while others need constant multilevel access. Some spaces must be
enclosed or open to the exterior or on a particular level, while others require specific prox-
imities to certain elements. An awareness of the role of each component of a WiE plant is

Anatomy of the
Waste-to-Energy Facility

LEIRE ASENSIO VILLORIA

WLE Design Lab, Waste-handling claw, 2016
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key, not only in understanding how a plant works but also in identifying its main organiza-
tional requirements and potential design opportunities.

These parameters are powerful tools for the architect undertaking the design of a WiE
plant. By understanding both the flexibility and constraints embedded in each component,
we can foresee organizational modifications that may have a major impact in developing
novel configurations and spatial arrangements. In other words, we can rethink the part-
to-whole relationship of a plant's components in order to substantially reorganize it by
expanding or compacting its footprint, weaving additional programs into the facility, and/
or exposing certain processes to the public to address the issue of public perceptions.

In this chapter we offer an overview of the operations that take place throughout the WtE
process as well as outline the spatial and functional requirements of each component. For
quick reference, we have also included an inventory of WtE components accompanied

by a brief description and a list of their typical dimensions, required connections, and
maintenance needs. (Note that on first mention, each plant component appears with a
number to allow for easy identification within the diagrams. These numbers reappear peri-
odically to clarify component sequences or process flows.) Overall, this knowledge forms
a base on which architects can build their design for WAE plants by arranging necessary
connections, choosing between linear or layered configurations, and making decisions
concerning spatial organization, materials, and so forth. Furthermore, a thorough under-
standing of the plant's function and its components can allow architects to address not
only the aesthetic value of the facility but also the facility configurations and tectonic and
structural systems that contribute to its efficiency.

Using the architectural toolset developed in this research, a number of associative
models have been developed within the Waste-to-Energy Design Lab, and are provided
in the Design Opportunities chapter as a sample base for architects to gain real time
evaluations of design decisions against the constraints of the plant components.
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Tipping & Feeding
0. Tipping Hall

1. Bunker Hall

2. Control Room

Incinerating & Boiling
3. Incinerator

4., Superheater

5. Economizer

Condensing
Released flue 6. Feed Water Tank
gas 7. Air Cooled Condensers (for plants

generating power only)

9,
Energy to the grid

Bottom ash *

Waste-to-Energy components
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Generating

8. Turbine, Generator & Heat
Exchanger (for plants that generate
combined heat and power)

9. Power Transformers

Filtering

10. Baghouse Filter

11. Wet Scrubbers

12. Water Treatment

13. Condensing Unit

14, Selective Catalytic Reduction Filter
15. Induced Draft Fan & Chimney

Monitoring
16. Emissions Control Station
17. Sampling Station

Operating & Maintaining
18. Storage Silos

19. Automation

20. Switchgear Equipment
21. Emergency Diesel

22. Lockup/Storage

Imported waste
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(0) TIPPING HALL

The tipping hall is a closed area where the
trucks circulate and deliver the waste to the
waste bunker. The room facilitates traffic to
avoid congestion and control odor release. It
also uses a negative pressure draft to reduce
odor escape.

Dimensions: 50 mx 50 mx 10 m

Regquired Connections: Direct connection
with bunker hall, road connection that
ensures ease of access.

Spatial Requirements: N/A
Maintenance Needs: N/A

(1) BUNKER HALL

The bunker hall is the waste storage area
and is usually a deep and narrow pit. In the
bunker hall the waste is handled by a crane
that stacks, mixes, and fluffs the stored waste
before transporting it to the hoppers.
Dimensions: 20 mx 50 m x 45 m

Required Connections: Direct connection
with tipping hall and the incinerator's hopper.
Spatial Requirements: N/A

Maintenance Needs: N/A

(2) CONTROL ROOM
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The control room houses the operating
personnel and the necessary operating
equipment. The room includes monitoring
data screens and keyboards that control basic
functions of the facility.

Dimensions: 10 mx 10mx 4 m

Required Connections: Generally located near
the waste bunker, the tipping hall, and the boiler
to allow visual contact for supervision.

Spatial Requirements: N/A
Maintenance Needs: N/A

(3) INCINERATOR
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The incinerator is the combustion area
where waste is fed by the crane and burned,
From the incinerator, the produced flue gas
passes to the boilers, while the residue
(bottom ash) is discharged from the bottom
part of the component.

Dimensions: 16 mx 25 mx 35 m

Required Connections: Direct connection to
the bunker hall and the superheater.

Spatial Requirements: Needs about 6 or 7
levels of access, 2 m distance from walls on
each side and 100 sq. m at the entrance of
the boiler for storage of grate parts during
maintenance.

Maintenance Needs: Once per year.

(4) SUPERHEATER

The superheater is a horizontal or vertical
component through which tubes of steam are
exposed to the high temperatures of the flue
gases and heat is transferred to the steam
through convection.

Dimensions: 12mx 12mx12m

Required Connections: Direct connection to
evaporizer and economizer. The steam tubes
from the superheater need to be connected to
the turbine of the generator. \
Spatial Requirements: Needs a way for the~.
tubes to be replaced (i.e. from above, if the ™
roof can open, or from underneath) and lifting
equipment.

Maintenance Needs: Tubes need o be
changed every 5 years.

(5) ECONOMIZER
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The last part of the boiler is the economizer.
Here the water is heated before passing to
the boiler drum and the evaporizer, reaching
just below boiling peint for those pressure
properties.

Dimensions: 8 mx8 mx 30 m

Required Connections: Direct connection to
the superheater. Connection to the first part of
the flue gas treatment (baghouse filter).

Spatial Requirements: N/A
Maintenance Needs: Every 10-15 years.




WATER & STEAM

FILTERING

(6) FEED WATER TANK
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The feed water tank is where the steam
goes after it has been condensed back
to water. From there, water flows to the
evaporizer to begin the steam generation
cycle again.

Dimensions: 1Bmx 18 mx 4 m

Required Connections: Connections to
evaporizer and condensers.

Spatial Requirements: Should be inside the
building. The bottom of the tank should be 10
m above the end of the feed water pumps.

Maintenance Needs: N/A

(7) AIR-COOLED CONDENSERS
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HEAT & POWER GENERATION

The air-cooled condensers are large dry-
cooling components that bring the tubes of
heated steam through fan-induced cooling air
drafts in order to condense it back to water.

Dimensions: 40 m x 20 m x 7 m

Required Connections: Receives steam from
turbine and sends condensed water to water
tank.

Spatial Requirements: Needs to be outside.
to allow air flow for cooling.

Maintenance Needs: Low maintenance
needs, mainly for fans.

(10) BAGHOUSE FILTER

The baghouse filter is comprised of metal
cages covered by fabric filters that capture
fly ash particles. The flue gas passes from
the outside of the fabric bags to the inside,
leaving behind all ash particles, which are
periodically cleaned by compressed air
flowing in the opposite direction.

Dimensions: 10mx20mx12m

Required Connections: Usually follows
economizer.

Spatial Requirements: Needs 2 m around
and some space below. Requires lifting
equipment for replacing the filter bags and
doors 2.5 m wide.

Maintenam;e Needs: Every 5 years.

(8) TURBINE GENERATOR

The generator room is a large space where
the turbine, the generator, and (if the plant
produces hot water for district heating) the
heat exchangers are located.

Dimensions: 30 mx 125 mx 10 m

Required Connections: Receives steam from
superheaters and sends it to condensers.
Needs connection to the grid through power
transformers.

Spatial Requirements: Needs at least 6
m around the turbine and a lifting crane for
maintenance. :

Maintenance Needs: Low maintenance needs.

(11) WET SCRUBBERS
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Scrubbers are filters that reduce the acidic
components of the flue gas. They are towers
where water Is sprayed down into the
upward-traveling flue gases. In the typical
configuration, there is an acidic scrubber to
remove HCI & HF and a neutral one for the
removal of SOz

Dimensions: 7 m x 156 mx 20 m

Regquired Connections: Usually follows SCR
or baghouse filter when the plant doesn’t use
a catalytic filter.

Spatial Requirements: 2 m all around.
Maintenance Needs: N/A

(9) POWER TRANSFORMERS
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The power transformers are located one
step before the power generated in the facility
goes to feed the grid, It is used to transform
electricity in both directions.

Dimensions: 9 mx9mx6m

' Required Connections: Close to switch gear,

direct connection to the grid.
Spatial Requirements: N/A

. Maintenance Needs: N/A

(12) WATER TREATMENT
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The water treatment area Is where the
water-filled dischargers lead to have
residues and toxic fly ash treated.

Dimensions: 9 mx9mx4 m

Required Connections: Connection to wet
scrubbers to receive produced residue.

Spatial Requirements: N/A
Maintenance Needs: N/A

\
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(13) CONDENSING UNIT

The condensing unit is ancther scrubber
unit that is used to further cool the flue gases
when the plant connects to district heating.
Condensing steam to water improves the
efficiency of the heat production.

Dimensions: Diameter: 6 m
Height: 15-20 m

Required Connections: Follows scrubbers in
case of district heating.

Spatial Requirements: 2 m all around.
Maintenance Needs: N/A

i
(14) SELECTIVE CATALYTIC The SCR (selective catalytic reduction)
REDUCTION FILTER filter is used to eliminate NOx by the use of a
catalyst (ammonia).
— Dimensions: 17 mx 17 m x 20 m
. 1T Required Connections: Usually follows
T baghouse filter.

Spatial Requirements: 2 m all around.

Maintenance Needs: Catalysts changed every
5 to 10 years,

(15) ID FAN & CHIMNEY
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The final step before releasing the clean flue
gases to the atmosphere is the induced
draft (ID) fan, that creates a boosting draft,
and the chimney.

Dimensions: Fan diameter: 3 m, width 1 m
Chimney diameter: 3.6 m; height: 40 m
Required Connections: Connection to
emissions control room.

Spatial Requirements: Needs ample
clearance space for maintenance and lifting
devices for heavy equipment replacement.

Maintenance Needs: Low maintenance
needs,

(16) EMISSIONS CONTROL STATION

The emissions control station is a room
where the emissions monitoring equipment
is installed. It is located at the end of the flue
gas cleaning line, sometimes embedded in
the stack.

Dimensions: 10mx16mx5 m

Required Connections: Connection to last
part of flue gas cleaning and then to ID fan
and chimney.

Spatial Requirements: Long straight path
needed on both sides of the station.

Maintenance Needs: N/A

(17) SAMPLING STATION
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The sampling station is a room where
manual measurements are performed once
or twice a year, in order to compare them
with the emissions control automated data.

Dimensions: 5 mx5 mx4 m

Required Connections: Usually located
close to emissions control station.

Spatial Requirements: Needs good access.

Maintenance Needs: N/A

N\




(18) STORAGE SILOS

The silos store residues (mostly boiler fly ash
and flue gas cleaning residues) until they are
taken out in a dry form and transported for
further treatment.

Dimensions: 26 mx 10mx 10m
Required Connections: N/A

Spatial Requirements: Needs road access,
usually located outside on a higher level.

Maintenance Needs: N/A

(19) AUTOMATION

The automation room is where maintenance,
programming, and repair works of the control
system are performed.

Dimensions: 18 mx 18 mx 4 m

Required Connections: Usually positioned
close to control room, but also could be close
to other equipment with high maintenance
needs like boiler, flue gas cleaning, or turbine.
Spatial Requirements: N/A

Maintenance Needs: N/A

(21) EMERGENCY DIESEL

The diesel generator feeds the switch gear
equipment that is connected to critical parts
of the plant, that need to be in operation even
in the event of a blackout (i.e., the parts that
feed water to the boiler).

Dimensions: Diameter: 6 m, Height: 6 m
Reguired Connections: Connection to
switch gear.

Spatial Requirements: N/A

Maintenance Needs: N/A

(20) SWITCHGEAR EQUIPMENT
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The switch gear equipment consists of
the rooms that feed electrical power to the
equipment of the facility. It could be divided
in two or three different rooms locate close
to the boilers, filters, and generator.
Dimensions: 30 mx30mx5m

Required Connections: In close proximity
to the rooms they feed.

Spatial Requirements: N/A

Maintenance Needs: N/A

(22) LOCKUP/STORAGE
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The lockup/storage area is a storage space
for spare parts of the plant,

Dimensions: 24 mx 24 mx5m
Required Connections: N/A

Spatial Requirements: Needs ground level
access.

Maintenance Needs: N/A
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DISPOSING AND TRANSPORTING

The process of recovering energy from waste should not be thought of as occurring within
a single building (the WiE plant), but rather as a complex system of waste collection that
begins with household disposal, continues to various technologies for gathering and trans-
portation, and eventually makes its way to recycling, composting, or energy recovery facili-
ties. While municipal solid waste from households is a prominent part of the waste stream,
additional sources include medical, construction, and demolition wastes.

In the United States, most municipalities have garbage collection and recycling systems that
operate on independent schedules. Garbage trucks have a single compartment into which
all waste is emptied. In contrast, Sweden has fostered a nuanced understanding of waste
as more than just a singular entity; as a result, the country has a vastly more sophisticated
management process. In certain Swedish municipalities, homeowners have two waste bins,
each with four compartments for various types of wastes. Garbage and recycling collection
are not two completely different systems, but instead a single process that alternates which
waste type is collected each week. Lorries that have four unique compartments make the
collection, ensuring that the homeowner's sorted waste remains separated.

One problem with conventional truck pickup is the traffic issues created at some plants.
This is the main public concern when locating a plant in places like Sweden and the United
States. Despite circulation organization, trucks may nonetheless arrive at the facility at the
same time. In addition to causing congestion, these stationary vehicles surrounding the
plant release greater odors from the transported waste. Since odors are one of the main
nuisances for neighboring individuals or facilities, WiE plants are considered more suitable
for rural environments, where they are afforded a larger surrounding buffer zone to minimize
negative effects. For WHE plants to gain acceptance in a denser urban environment, odor
release from garbage trucks must be effectively controlled.

An alternative to conventional truck transport is automated vacuum collection (AVC). With
AVC systems, separate disposal inlets for various waste types are located throughout a
neighborhood or district, and waste is collected via suction to a central transfer station.
While no precedent exists of waste traveling directly to a WIE facility, this is technically
possible. AVC systems are capable of a 2 km suction distance between the collection

Components of Waste-to-Energy

Garbage truck dumping waste
on the tipping room floor
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center and the furthest inlet, and a two-fraction system (a configuration that can store
two types of waste, such as incinerable and organic) can handle the waste of 8,500
dwellings. A number of successful vacuum systems have been implemented in Sweden,
Barcelona, and on Roosevelt Island in New York City, among many others, and the tech-
nology for these systems allows them to be placed below water tables, directly in water,
in frost areas, earthquake zones, and high rise buildings.

Collection tubes vary in diameter from 300 mm to 500 mm, are generally buried between 1

m to 2.5 m below ground, and move the waste at about 20 to 25 m/sec. Most blockages in
the collection pipes are solved within 15 minutes by adding additional suction to the system.
In rare cases, the system needs to be shut down and blockages are removed manually. In
case of pipe damage, a 500 mm tube can be repaired from inside by welding a cover over
the damaged spot; smaller diameters, however, require excavating to the damaged section of
pipe. One current setback for these systems is that their capacity is only 20 tonnes per day,
equivalent to about seven crane grabs, making their contribution limited for WAE collection.

TIPPING

The first WIE process that occurs inside the facility is called tipping, where trucks deliver
and unload their collected waste for further processing. In a standard configuration,
tipping occurs in an enclosed room called the tipping hall (0), a space of roughly 2,500
sg. m, in which the trucks circulate and deposit the waste. In order to facilitate truck traffic,
the tipping hall usually has a separale entrance and exit, both equipped with a weighing
bridge to measure deliveries to and from the facility and thus track the quantity of imported
waste. Contemporary facilities are typically equipped with radioactive waste detectors
alongside the weighing bridges, as well as a different entrance for not-weighed vehicles.

On entering the tipping hall, the trucks must maneuver into place, unload their waste, and
then exit without causing congestion, which could create unnecessary delays and cause
odors from waiting trucks to be released into the environment. The unloading time for a
typical garbage truck should be less than 5 minutes, but for larger multicontainer side-
dump vehicles, tipping can take as long as 30 or 40 minutes. These larger trucks should
be accounted for in the spatial arrangement and dimensioning of tipping areas.

Schematic diagram of ENVAC system
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Odor control is an important issue for WHE plants and it is strongly connected to public
perception. Prevailing winds should be taken into consideration when organizing the
plant and orienting the tipping hall. Accounting for wind direction can reduce the spread
of odors from the tipping hall. Another technique deployed in the tipping hall, in cases of
malfunction or accumulated waste, is the use of perfume sprayers as a backup mecha-
nism to mask smells from the plant.

Moving on to the bunker hall (1), we first must note that there are multiple incineration
technologies—mass burn, modular, and fluidized bed systems that use refuse-derived fuel
(RDF)—and they have distinct precombustion processes. Mass burn facilities input refuse
that has undergone minimal preprocessing other than the removal of white goods, such
as refrigerators and dishwashers, and other large items. Modular systems are prefabri-
cated, smaller, faster to install, have smaller capital costs compared to other types, and
also require minimal preprocessing. In comparison, fluidized bed systems require fuel
preparation, which takes place in an RDF plant where waste is mechanically processed
into a more homogeneous combustion fuel. This normally necessitates a multistage
sorting and separation process prior to combustion.

In mass burn facilities, all the waste is deposited in a bunker hall, or pit, which is the

waste storage area. To ensure the continuous feeding of the incinerator, the bunker

hall is designed to hold approximately four days of waste. A basic visual screening can

be performed here to remove hazardous trash and adjust the combustion parameters

according to the type of the imported waste, for example winter versus summer, or indus-

trial versus municipal. While most facilities employ a deep and narrow pit, a tipping floor can

be used when a pit is not possible due to specific geotechnical conditions or other reasons. L
In a tipping floor scheme, trucks deposit waste directly onto the floor of the tipping hall,
necessitating a larger footprint and more laborious waste handling by front-end loaders. ‘

SHREDDING

For fluidized bed incineration, the ideal particle size is approximately 50 to 150 mm.

Shredding the waste reduces the overall volume of the input material to about a third or

quarter of its initial size and improves the quality of combustion. In “shred and burn” RDF
operations, a bag breaker coarsely shreds the waste material and ferrous metals are then |
recovered. After this, small particles are removed while larger elements continue on to

secondary shredding procedures. \

Bunker hall |
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Although shredding increases the efficiency of the combustion process, shredding is

not a very common feature in WiE plants. Shredding waste significantly increases the
odors released, making it less fitting for an urban environment. However, rural landscapes
offer the opportunity to install these plants at longer distances from residential or other
heavily populated areas, so the smell is not as problematic. Plants that include shredding
waste often shred at night to decrease the possible disturbance to neighbors with odors.
Shredding also produces a large amount of noise, which can be mitigated with an appro-
priate insulation system similar to that used around the generator room.

SEPARATING

In RDF facilities, the feed material for combustion undergoes a fully automated screening
and separating process to recover all potential recyclables from the waste before it is
shredded and incinerated. Screening can be done within the plant, but is often done in a
separate location called a material recovery facility, or MRF. A first step in this multistage
process is trommel screening. Here unsorted waste is rotated in a cylindrical sieve, where
centrifugal and gravitational forces break open household garbage bags. The loose material
is separated by size, falling through holes in the cylinder, while the largest waste is expelled
at the end of the trommel. A next step is air classification, in which an upward-moving air
current separates lighter and heavier materials. While these processes allow for separation,
material recovery is tackled by magnetic separation for ferrous metals, eddy current separa-
tion to extract aluminum, and optical sorting where appropriate or necessary.

FLUFFING

In mass burn incineration, a crane (or grapple) in the bunker hall (1) stacks, mixes, and
fluffs the waste before feeding it to the incinerator. Fluffing is a process in which waste
is lifted by the crane and then dropped back down, reducing the density of waste at the
pit's bottom. Fluffing also creates a more homogeneous fuel by breaking up household
garbage bags and mixing waste from various sources, which allows for better combus-
tion. Other than visual screening, fluffing constitutes the full extent of waste processing
for mass burn facilities.

Exterior view of shredding process

Shredded MSW




In all facility types, waste handling is done in enclosed areas, and older waste is handled
first in order to avoid decomposition and odor accumulation. In addition to successful
vehicle circulation and waste handling, a negative air draft is created to further control
odor. This is achieved by drawing air from the tipping and bunker halls to use in the
combustion process, where the high temperatures eliminate the offensive odors.

The control room (2) houses the operating personnel and the necessary operating equip-
ment for the basic functions of the facility. It is typically a space for three to five oper-
ators who supervise the processes of waste transport, management, and incineration.
The space usually has visual contact with the bunker hall for the operators to supervise
the screening and feeding processes.

FEEDING

From the control room, operators feed the waste from the bunker hall or storage area into
charging hoppers that lead to the furnace. Feeding is a gravity-based process comprised
of the hopper, an intermediary chute, and a hydraulic ram mechanism that feeds the
waste into the furnace. As waste is displaced at the bottom of the chute by the feeder,
gravity slowly empties the chute and hopper until the introduction of more waste from the
bunker continues the process. The hopper is composed of steel and constructed with

a 45-degree slope 1o allow the waste to slide into the chute. As the waste enters the
chute it forms an air seal that separates the bunker hall from the furnace, although there is
usually a safety gate between the hopper and the chute to prevent backfires and ensure
the seal. Additionally, the chute is often water-cooled to protect it from the high tempera-
tures of incineration.

While the feeding process can be performed automatically, with cranes fluffing the waste
and feeding the incinerator at an automated pace, operator supervision is critical for the
adaptation of the feeding speed or of other parameters to fit the waste’s characteristics.
Season, furnace temperature, waste source, and waste type can significantly affect the
quality of the combustion, which is why the operating personnel constantly monitor and
adapt the feeding process.

Within the control room, an operator
fluffs and moves the waste
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INCINERATING

Incinerating burns waste to generate heat (thermal energy) that is then processed as
steam or further converted into electricity. While a number of mass burn technologies
exist, they all follow the same process: continuously feed waste on a grate that tumbles it
from the hydraulic ram feeder, through a combustion chamber, into a discharge point for
the residue, called bottom ash.

In order to do this, mass burn plants most commonly use a reciprocating grate system.
Reciprocating grates have alternating stationary and moving parts and employ a back-and-
forth movement to propel the waste forward across three to five primary zones, including
drying, combustion, and material burnout. Modular systems typically have two combustion
zones: a primary combustion chamber and an afterburner that acts as the primary pollution
control mechanism. Odorous air is drawn from the tipping hall (0) and bunker hall (1) and
is injected into the grate system as underfire air (below the grate) or overfire air (above

the grate, into the flame). Undetfire air is typically preheated and serves to dry the waste
and aid in combustion. The air is injected into plenums under the grate that correspond

to the different zones, allowing operators to fine-tune the amount of air for each stage.
Qverfire combustion air is typically not heated and is injected at a higher pressure through
nozzles located above the grate. The overfire air aids in the complete burnout of the gases
produced by heating the waste and creates a turbulence that sufficiently mixes the flue gas.

Alternatives to the reciprocating grate design are reverse reciprocating grates, roller
grates, and rotary drums. Reverse reciprocating grates and roller grates work similarly to
reciprocating grates, with minor differences. Reverse reciprocating grates push the waste
upward and backward to tumble it forward, ensuring good exposure to the combustion
air. Roller grates employ rotating cylindrical rollers in place of moving grates to tumble the
waste. Rotary combustors are large, downward-angled drums that slowly tumble waste
fed inside them. In this configuration, air is injected through the drum's membrane to aid
in combustion, and the furnace is integral with the boiler.

In fluidized bed incineration, a spreader-stoker traveling grate is most typically used.

In this system, the pretreated material enters the feed chute either directly from an apron
conveyor or from a storage bin. As with in mass burn, the material is gravity fed, but in
this case it is blown toward the back of the furnace onto a continuous moving grate that

View into a reciprocating grate furnace Superheater
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transports the material back toward the inlet. In this system, lighter materials incinerate
before they land, while heavier materials fall to the grate and then burn out fully before
the ash discharges into a water quench trough below the inlet. Overfire and underfire air
operate similarly to mass burn technologies in this system.

In fluidized bed incineration, a bed of limestone or sand capable of withstanding high
temperatures replaces the linear grate mechanism of mass burn. Aerating the material
from below with high-velocity air allows it to take on the properties of a fluid. This fluidized
material is then evenly heated and waste is introduced. This method of incineration melts
and burns the waste, and ash discharges from the bottom of the furnace. This technology
provides a more uniform temperature than mass burn and can produce a higher tempera-
ture steam without severe corrosion problems. While it can have slightly higher electrical
power production and less bottom ash, fluidized bed technology creates more fly ash or
flue gas cleaning residues, and the fuel preparation requires more electrical power than
mass burn fuel preparation.

The incinerator is a large component with rough dimensions of 15 m x 25 m x 35 m.

For maintenance and operation reasons, the equipment needs about six or seven levels of
access: to the valves for ammonia level monitoring, to viewing glasses, to add grease to
the grate system, and to accommodate other necessary functions. In addition, the inciner-
ator must be at distance of at least 2 m from the walls on each side, and it requires 100
sq. m at the boiler's entrance for storage of grate parts for maintenance, which happens
about once per year for this component. Incinerating produces two throughputs: residual
hottom ash, which is released into a water-filled discharger at the bottom, and flue gas,
which continues on to the boilers.

Roller grate

Reverse reciprocating grate Rotary drum
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Waste and flue gas movement

BOILING, SUPERHEATING, ECONOMIZING, CONDENSING

Boiling is best understood as a heat transfer process between an isolated water cycle and
the flue gases from the furnace. This process allows the waiter to be heated on its way to
the turbine, while concurrently cooling the gases on their way to filtering and cleaning. The
water cycle begins with flue gases converting the water to steam, the steam powering the
turbine for electricity generation, and then the steam condensing into water to begin the
cycle anew. While the flue gases travel in a sequence from the evaporator, to the super-
heater (4), to the economizer (5), the water in the cycle begins at the economizer, then
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