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Introduction

ur current lifestyle, to a large extent, has grown out of
Othe abundant availability of fossil resources, mainly

coal, natural gas, and crude petroleum. Chemical en-
gineering as a discipline evolved primarily in the 20" century,
along with the conversion and use of carbonaceous fossil mat-
ter in various forms. As the chemical transformations within
fossil-based processes reached maturity, chemical engineers
began to look actively for challenging problems, new direc-
tions and growth in areas such as biomolecular engineering,
health-related applications and evolving technologies such as
nanotechnology, etc. However, finite fossil resources, world
economic growth, environmental concerns, and political
forces are reshaping the technology horizon. An unavoidable
transition from a fossil-resource-based state to a state where
most if not all human needs will be met by sustainable resour-
ces must ultimately take place. This transition holds the prom-
ise to provide at least a similar level of opportunity and dra-
matic growth as was seen by chemical engineers during the
early to mid-part of the last century. In order to take advant-
age of this promise, however, the chemical engineering pro-
fession must act now toward the goal of developing not only
technologies for the future sustainable state, but also for the
transition to that state.

A big challenge for implementing this goal is to envision
what the sustainable future may look like. There are several
options, each with its own uncertainties and challenges. In this
article, we will focus on a future where the basic human needs
of food, chemicals, heat, electricity and transportation will gen-
erally be met by solar energy as shown in Figure 1. We choose
this future due to the singular abundance of this energy source.
According to one estimate, the amount of solar energy striking
the earth in 1 h is ~4.3 x 10?° J, which is comparable to the
2009 annual energy consumption of ~5.1 X 102 J by the
entire planet.l‘2 This abundant supply of primary energy
ensures us that a future driven by the direct use of solar energy
should be able to sustain itself for any foreseeable future.
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The direct use of solar energy, however, presents many chal-
lenges. Sunlight is available during only a fraction of the 24 h
day cycle. For an insolation of 1 kW m™~ 2 and a yearly average
availability of 20% per day, the annual solar energy incident is
~6307 MJ m™* (1 MJ = 10°J).” The task at hand is to harness
this intermittently available primary source of energy and con-
vert it to not only usable forms of secondary energy such as
electricity, heat and fuel, but also to chemicals and fertilizers.

A key challenge for chemical engineers in this century will
be to satisfy each of the basic individual needs, within the
context of the coexistence with all other basic needs, to
improve the energy efficiency and cost of the entire system.
For this purpose, it will be essential to explore synergy and
interaction between various technologies and end usages. Fig-
ure 2 shows our attempt to depict some of the synergistic
interactions between heat, electricity, storage, chemicals, fuel
and biomass to efficiently utilize incident solar energy. The
other major inputs in addition to solar energy in Figure 2 are
water and air components. Note that the purpose here is to
show only those interactions and technologies that are thought
to be relevant for this perspective discussion.

Figure 2 shows technologies for each end use shown in Fig-
ure 1 that can be impacted by chemical engineering. It also
shows the synthesis of fuels and chemicals from biomass and
extracted CO, along with the impact of solar electricity and
heat on such synthesis. Some of the chemicals are used as fer-
tilizers for the growth of biomass. Similarly, the transport sec-
tor uses multiple secondary forms of energy. All of these
interactions and some of the associated technologies will be
discussed within the context of chemical engineering after a
brief examination of the efficiencies at which solar energy is
collected in various secondary forms of energy.

Collection Efficiencies for Solar Energy to
Various Secondary Forms

Depending on the temperature of absorption and concentra-
tion of sunlight through the use of concentrators, sun-to-heat
collection efficiencies are estimated to be as high as
50-70%. Similarly photovoltaic (PV) modules with sun-to-
electricity efficiencies in the range of 10 — 42% have been
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Figure 1. Basic human needs met by solar energy (adapted
from Agrawal and Singh*°).

reported.6 By using a commercially available, 20% efficient,
silicon-based PV module and an electrolyzer efficiency of 60%,
based on the lower heating value (LHV) of H,, a sun-to-H, effi-
ciency of 12% can be achieved. Thermochemical methods have
a potential to produce H, at much higher efficiencies of up to
25%."” In a production facility, a fraction of the land area is
generally not used for the collection of solar energy due to

shading, access to equipment, etc. To account for this effect,
the net efficiencies are calculated by assuming only 50% of the
available land is effectively used for solar energy collection,®
and the resulting numbers are shown in parenthesis in Figure 2.

Biomass generally grows at a rate of 1-3 kg m > yr '.
With biomass LHV energy content of ~17 MJ kg™', this
growth rate corresponds to capture of 0.28% to 0.84% of the
average incident solar energy of 6307 MJ m 2 yr~' * Energy-
efficient sugarcane crops store only ~1% of the incident solar
energy. It is estimated that the maximum conversion effi-
ciency of solar energy to biomass under today’s atmospheric
CO, concentration and at 30 C is 6% for C4 photosynthetic
crops.” The actual annual averaged efficiencies, due to limita-
tions on the growing season, temperatures and less than ideal
conditions for biomass growth will be much less than this
maximum value.

Based on the collection efficiency numbers for solar energy,
for a given specific use, the pecking order to be considered is
heat first, followed by electricity and H, with cultivation of
biomass last.'”

Fuel and Chemicals from Solar Energy

Recently the subject of solar energy to liquid fuels was
reviewed in detail.'” Tt is rather easy to envision the use of
biomass as the renewable carbon source for the production of
chemicals and fuels. However, in order to reveal some of the
major constraints imposed by such use, it is helpful to con-
sider the USA as a case study. The U.S. annual chemicals pro-
duction in 2006 used fossil resources with total energy content
of ~4.4 trillion MI.'"' The U.S. transportation sector uses

Figure 2. Process interactions to meet the demand for transportation fuels and chemicals in a solar energy driven world.
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ICEV = Internal Combustion Engine Vehicle, HEV = Hybrid Electric Vehicle, and BEV = Battery Electric Vehicle. The per-
centage numbers in parenthesis correspond to the range of solar energy conversion efficiencies for each energy form.
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~13.8 million bbl day ™" of petroleum. This translates into an
annual consumption rate for transportation of ~29 trillion MJ.
In contrast, the amount of sustainably available (SA) biomass
in the U.S. could potentially be ~498 million tons (MT) yr’1
aT=10° kg), which includes waste biomass collected via
sustainable practices from the existing agricultural and for-
estry activities (~349 MT yr’l), as well as energy crops
grown on a portion of the land under the U.S. Conservation
Reserve Program using little additional energy input (~149
MT yr').!? The energy content of the SA biomass corre-
sponds to about ~8.5 trillion MJ. Clearly, the amount of SA
biomass is far less than that needed for the combined demand
for chemicals and transportation fuels. This shortage becomes
even worse when one accounts for the fact that the conversion
of petroleum to fuel is far more energy efficient than that of
biomass to fuel. Nevertheless, the following discussion will
show that chemical engineers have the potential to stretch bio-
mass resources to cover as much as 40% of this total energy
need.

Since the availability of SA biomass is constrained and
additionally grown biomass captures solar energy at much
lower efficiencies than for the direct production of heat, H,
and electricity, the use of SA biomass in a solar energy driven
world to produce heat, electricity or H, should be minimized
if not totally avoided. Furthermore, in a land constrained
world, it is essential that chemical engineers develop and
design processes that will maximize the production of chemi-
cals and fuels from the limited quantity of SA biomass.

Thus, the first step toward increasing the utilization of SA
biomass to desired end products is to minimize its use to sup-
ply auxiliary energy such as heat and power needed by chemi-
cal processes. Also, the inherent process inefficiencies that
lead to reduced yield or energy dissipation must be mini-
mized, and any such remaining process inefficiencies must be
met with more efficient forms of secondary carbon-free
energy. Thus, processes will have to be developed that will
directly use solar heat or electricity and avoid combusting any
fraction of the biomass. For example, since electricity is pro-
duced with higher efficiencies from sunlight than atmospheric
carbon as biomass, use of electrochemical processes for chem-
ical transformations and synthesis may offer better overall
process efficiencies that will need to be carefully evaluated.

An additional clue toward increasing the utilization of SA
biomass comes from an examination of the energy content of
biomass species based on a carbon atom basis. Switchgrass,
poplar wood and sugar have energy contents of 485, 455, and
423 kJ per mol of C, respectively.'? In comparison, the energy
content of gasoline is 605 kJ per mol of C. The lower energy
content of biomass species is due to the 35-40 wt % oxygen
in biomass which must be removed to increase the energy
content on a per carbon atom basis. These factors imply that
even with a 100% energy efficient conversion process for bio-
mass carbon to high-energy-density molecules such as those
in gasoline, about one third of the biomass carbon will be
released in a low-energy state as CO,.

Given that the recovery of the carbon lost in the form of
CO, through the cultivation of plant species is very inefficient,
as shown before, it is clear that the biomass should be viewed
as a source of carbon first and not as a source of energy. This
presents us with a unique challenge (and opportunity) to de-
velop augmented processes that will increase the recovery of
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the biomass carbon during conversion via the use of supple-
mental energy forms, such as Hj, heat and electricity, which
are derived from sunlight at much higher efficiencies than by
biomass plant growth. Figure 2 depicts this opportunity.
Recently augmented processes based on biomass gasification
(H,CAR), and fast-hydropyrolysis/hydrodeoxygenation
(H,Bioil) using solar H, and solar heat have been suggested to
increase the liquid fuel production from a given quantity of
biomass by a factor of two to three when compared to the con-
ventional stand-alone processes.”'*™'* Another illustration of
this concept involving the steam gasification of biomass using
solar heat and H, followed by methanol synthesis, is estimated
to recover ~90% of the biomass carbon as liquid fuel.'?

Currently, fossil resources provide building blocks for 95%
of all the carbon-containing chemicals that are used.'®
According to Lipinsky, the seven building blocks for these
chemicals are methanol ethylene, propylene, butadiene, ben-
zene, toluene and xylene.17 In contrast, the available structural
units of lignin, hemicellulose, cellulose, glucose, fructose, su-
crose and triglycerides from biomass are quite different. This
means that there is a need to find new thermal catalytic and
biocatalytic processes to produce chemicals from biomass that
are identical to the ones currently available from petrochemi-
cals,’®1? as well as to synthesize new molecules that are dif-
ferent in structure but could satisfy the same end functional
need.'®!” In some cases, conversion of biomass molecules to
a petrochemical form will require more conversion steps. In
such cases, it will be worthwhile to explore refunctionalized
molecules produced from the structural units of biomass that
would retain some of their original structure but meet the end
use. Refunctionalization of biomass molecules will most
likely involve removal of oxygen along with some molecular
rearrangement. Oxygen removal in the form of H,O rather
than CO, is likely to be preferred because once CO, is
formed, its recycle using H, to chemicals or fuels will be an
energy intensive process and the potential structural benefit of
starting with biomass carbon is lost.

It should be noted that while chemicals are generally pro-
duced with high purity and compositional consistency, petro-
leum-based fuels are mixtures of hundreds to thousands of
compounds.'” Furthermore, such fuels are derived from petro-
leum crude with relatively simple, inexpensive and energy ef-
ficient transformation steps.'®*" These facts have two impor-
tant ramifications: (1) for chemical production, starting build-
ing blocks need to be relatively pure and must be derived
from complex lignocellulosic biomass. Extraction of a Cg
sugar from cellulose as a starting material is one such exam-
ple. (2) For fuel production, however, processes must be
developed with a few processing steps that are energy efficient
in converting the entire lignocellulosic biomass to liquid fuel.
Fast-hydropyrolysis/hydrodeoxygenation of biomass, consist-
ing of only a few processing steps to produce liquid fuel con-
taining hundreds to thousands of compounds, is one such
attempt.14 Of course, for chemicals production, one also has a
choice to separate relatively pure components from such mul-
ticomponent liquid fuels for further processing.

One distinguishing feature of the biomass-based products
will be the general need to remove the large amounts of oxy-
gen present in the biomolecules. One possible method is to
gasify the entire lignocellulosic biomass to syngas and then
reconstruct the desired molecules. While this method has an
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appeal due to the fact that all biomass species are first con-
verted to the common molecules contained in syngas, it is
likely to be relatively energy inefficient when compared to the
processes that make the least number of changes to the struc-
ture of the molecules from a given biomass. In particular, this
inefficiency is due to the energy requirement for gasification
and subsequent heat release at relatively lower-temperatures
due to substantial heat of reaction during syngas conversion to
liquid fuel. Therefore, a challenge will be to develop catalytic,
hydrodeoxygenation processes using solar H, that will selec-
tively remove different oxygen atoms that are present with
different functionalities within the lignocellulosic biomass
structure. Furthermore, this removal will have to be achieved
while controlling the level of hydrogenation within various
molecules and minimizing the formation of CO,. For exam-
ple, aromatic derivatives from the lignin component of bio-
mass will require removal of O without ring saturation.

The desire to increase the biomass carbon recovery as
chemicals or liquid fuel and the associated hydrodeoxygena-
tion will necessitate the use of large quantities of H,. This
requirement of H, is distinct from that for the H, fuel cell
vehicles in an H, economy.?' The large-scale production of
H, from solar energy provides unique process development
opportunities for chemical engineers.

Some inherent drawbacks of using biomass as a feedstock
are its seasonal availability and low-volumetric energy content
coupled with its geographical distribution. Switchgrass bun-
dles have an energy content of 3519 MJ m > compared to
36,000 MJ m> for crude oil.>? Clearly, shipment of low-
energy density biomass over long distances to a central proc-
essing plant will add significant cost to the final product. Pe-
troleum refineries and petrochemical complexes, owing to the
high-energy density of crude oil, have come to enjoy econo-
mies of scale by building very large-size plants. In a solar-
energy-driven world, a different economy of scale with large
numbers of small-size, mobile plants will be needed. Such a
plant could be easily transported to a location for the duration
for which biomass would be available at that location. If
needed, the product from several such small plants could be
shipped to one large central plant for further processing. Use
of fast-hydropyrolysis/hydrodeoxygenation based processes
with minimal processing steps holds the potential to provide
one possible small-scale solution.'"* The small-size plants will
require a lot of creativity to design and build, and should be
no less efficient than their large-size cousins.>>* This need
for innovation at small scale will generate exciting opportuni-
ties in chemical engineering.

Going back to the USA case study, we can now ask, what
is the maximum potential for the production of liquid fuel
from the SA biomass? One can envision augmented processes
using solar energy that will lead to nearly 100% biomass car-
bon recovery as liquid fuel and chemicals.? If we assume that
all the carbon in 498 MT of SA biomass is converted to car-
bon in diesel molecules, then the energy stored in such a prod-
uct will be ~13.2 trillion MJ. While this energy content is
greater than the original energy content of ~8.5 trillion MJ in
the SA biomass, the number is still much short of the ~29 tril-
lion MJ needed by the US transport sector plus ~4.4 trillion
MJ needed for chemicals. Clearly even with all the process
innovations and new chemical engineering developments, car-
bon from SA biomass alone will be unable to meet the total
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fuels and chemicals need of the USA. However, if necessary,
the entire chemicals need could be met by SA biomass alone.

Once all the SA biomass is consumed and there is still a
need for carbon containing fuel or chemical molecules, the
next logical research direction is to find other efficient sources
of sustainable carbon. One obvious source is the recycle of
the used carbonaceous matter. For this to be feasible, society
will have to adapt to recycling more of the carbon containing
matter. Figure 2 depicts this need to develop reprocessing
technologies for recycled carbon matter. The next source will
be atmospheric CO,. Surprisingly, the direct physical extrac-
tion of CO, from its low concentrations of hundreds of parts
per million by volume in air, and its thermochemical conver-
sion to liquid fuel can potentially be more efficient in utilizing
solar energy incident on a given land area than growing addi-
tional biomass, including algae, and converting it to liquid
fuel through augmented processes.'® Therefore, it is plausible
that in a solar energy driven future, chemical engineers may
have to develop efficient and cost-effective processes to
extract CO, from air and then convert it to liquid fuel or
chemicals. However, this will be a massive undertaking due to
many challenges originating from the incredibly low concen-
tration of CO, in the air. The current cost estimate for CO,
extraction using absorption based methods is estimated to be
in the range of $100 to $200 per ton of CO, extracted, and
will likely require a large reduction before it becomes eco-
nomically attractive.”

So far we have focused on carbon-based chemicals. It is
worth noting that of the top 15 chemicals produced in the
USA in 2009, seven are noncarbon based including sulfuric
acid, phosphoric acid, ammonia, chlorine, sodium hydroxide,
nitric acid and ammonium nitrate.>’ Currently, for these
chemicals, fossil resources provide energy for conversion and
also H, when it is needed. In a solar-energy-driven future, the
energy will come in the form of solar heat and electricity and
solar H, will come from the splitting of water. Thus, ammonia
will be synthesized using solar H, rather than H, from natural
gas. Urea may be produced from the solar-energy-derived
NH; and byproduct CO, derived from carbon-based liquid
fuel and other chemicals production processes. Clearly new
processes will be needed for some of these chemicals. Further-
more, use of solar heat and electricity for noncarbon based
chemicals production would meet a sizeable portion of the
~4.4 trillion MJ of US energy demand for chemicals, leaving
only the remaining portion to be met via the use of SA bio-
mass carbon.

Systems Approach

A detailed system analysis at various levels will be needed
to help in the evolution of a solar energy based sustainable
future. It will be critical to perform such analyses to identify
synergistic interactions at both the production as well as use
levels. Figure 3 shows an example for the transportation sec-
tor. In this case the ultimate goal is to drive the entire trans-
port sector and supply chemicals using solar energy. There-
fore, electricity and H, may not only be used in conjunction
with biomass to increase liquid fuel yield, but also be directly
used in plug-in hybrid electric vehicles (PHEV), and fuel cell
vehicles (FCV), respectively. An optimization of the entire
system, including onboard batteries, fuel cells, onboard H,
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Figure 3. An example of the systems analysis approach to
address the needs of the transportation sector and
chemicals production.

storage, supply of electricity or H, to vehicles, etc., will be
needed to build a cost-effective and energy efficient sustain-
able system. The recently reported use of a multi-paradigm
modeling approach, applied to examine the impact of PHEV
use on the electricity generation sector, is one example of the
modeling tools being developed for such tasks.?’

Systems analysis will also be needed to identify synergies
between different technologies to maximize liquid fuel or
chemicals production from a given quantity of biomass. For
example, integration of biochemical processes with thermo-
chemical processes may be explored to better utilize the
unconverted lignin component of the biomass produced by the
biochemical portion of the processes.”>**2° Synergistic pro-
cess interactions to coproduce one or more chemicals along
with liquid fuel can also be identified through the aid of sys-
tems analysis. At the design stage, optimal process configura-
tions pertaining to multiple objectives may be identified by
analyzing process alternatives via a superstructure, as demon-
strated for the production of syngas from biomass.*

Transition from a fossil resource state to a solar energy
driven state can be facilitated by a good systems analysis
approach. For example, a systems approach has resulted in a
novel integrated fast-hydropyrolysis/hydrodeoxygenation pro-
cess that uses hot gases directly from a steam methane re-
former or a coal gasifier."*™'* Integrated processes using natu-
ral gas hold the promise to be synergistic, simple and to fill
the gap until solar H, becomes economical.

Electricity Generation

Unlike in the era of coal power plants, chemical engineers
are likely to have a greater role in the PV and solar thermal
based electricity generation. Just three years ago the cost to
manufacture a silicon based PV module was ~$3 per peak
Watt.! A recent announcement by First Solar drops the manu-
facturing cost of thin film CdTe based solar modules to 76
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cents per peak Watt.*! At this module cost, the electricity pro-
duced achieves grid parity in certain parts of the world.
Indeed, such lower module costs were unthinkable just a few
years ago, but do reflect the strong promise of thin film solar
cells in the future.

Chemical engineering is poised to impact the emergence of
thin-film PV based on semiconductor nanoparticles, organic
polymers and dye-sensitized cells.*>> These thin film tech-
nologies require lower quantities of materials and can take
advantage of atmospheric pressure processing steps amenable
to chemical engineering analysis, to reduce cost. Processing
steps employed in the production of thin film PV, such as so-
Iution based thin film coating, are commonly practiced by
chemical engineers in various forms. However, to further the
role of chemical engineers in PV, synthesis and production of
semiconducting materials in tandem with the understanding of
the effect of these steps on the resulting film properties such
as morphology, grain boundaries, charge carrier densities,
defect energy levels in the band gap, minority carrier lifetime,
p-n interface characteristics, origins of any low-shunt resist-
ance, etc., leading to the final device performance is required.
It is due to such relationships between the material synthesis
and the device performance that it has taken a few years from
the synthesis of perfect stoichiometric copper indium gallium
diselenide (CIGS) nanocrystals to the production of efficient
solar cell devices from the nanocrystals.”* Chemical engineers
will be in a better position to contribute to the emerging PV
field if they acquire a good working knowledge of the PV de-
vice physics and the quantum laws that govern nanoscale sys-
tems. A good starting point is to draw from the similarities of
the governing principles of PV device physics with the core
disciplines of chemical engineering. Basic concepts such as
thermodynamics, reaction kinetics, diffusion, and transport
can be applied directly to light absorption, electron-hole gen-
eration and recombination, and carrier transport in a PV de-
vice.

Current reports of crystalline CIGS nanoparticle synthesis
in stirred tank reactors and the resulting solar cells from these
particles are an example of the chemical engineering princi-
ples being used for solar cell devices.**° Inks of compound
semiconductor nanoparticles made from earth abundant ele-
ments Cu, Zn, Sn, Fe and S provide further exciting opportu-

Energy Storage

Since, on average, solar energy is available only 20-30% of
a 24 h day, systems will have to be designed to store energy
for the greater portion of the day or longer. A solar farm har-
nessing solar energy as heat or electricity will need to have
nameplate capacity that will be three to five times that of the
daily average requirement. Furthermore, it is very likely that
in the future there will be a proportionately greater use of
electricity due to some electrification of the transportation sec-
tor. Therefore, a grand challenge where chemical engineers
can play an important role is in providing efficient cost-effec-
tive workable energy storage solutions for a solar energy
driven sustainable world.

There will be a need to design energy storage at all levels
of use. Heat and electricity storage at tens of kWh (1 kWh =
3.6 MJ) will be needed for household and PHEVs (Figure 2).
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For this level of electricity storage, cost-effective, high-volu-
metric energy density batteries with long life will likely be
needed. At the other end of the use spectrum, extremely large-
size systems to store energy equivalent to the production from
a small-size refinery (~100,000 barrels per day), or a reasona-
ble size power plant will also be needed. A small size, 125
MW coal power plant produces 3 GWh of electricity daily.
An equivalent solar power plant will require daily storage of
~24 GWh (= 8.6 million MJ) of electricity. When one
accounts for the inefficiencies in storage and subsequent use,
then this number will be even greater. For reference, the high-
est storage densities for batteries currently are ~0.1 kWh
kg~ ! of battery.*! The design of novel efficient storage cycles
for such large quantities of energy using chemical reactions,
phase change materials, etc., is of great interest to chemical
engineers.6

Concluding Remarks

Transition from fossil resources to a solar-energy-driven
future provides an unprecedented opportunity for chemical
engineers. Novel technologies and solutions will be needed to
satisfy all the basic needs of daily human life — food, chemi-
cals, heat, electricity and transportation. Here, we have dis-
cussed and presented some of the possible challenges and
opportunities to satisfy chemicals, fuels and electricity needs.
A need for a systems approach whereby solutions are sought
to maximize energy efficiency of the overall system is pre-
sented. Such an approach is capable of revealing synergistic
interdependencies between different secondary forms of
energy, including liquid hydrocarbon fuels, and also with the
production of chemicals.

We find that the mainstream chemical engineering curricula
based on thermodynamics, transport, chemical kinetics, and
reaction engineering, along with the relatively recent infusion
of biomolecular engineering will have to prepare engineers for
ample challenges and opportunities associated with the han-
dling and conversion of low-energy density solid biomass to
liquid fuels and carbon-based chemicals. Some of the opportu-
nities presented to us include: design of energy-efficient and
cost-effective augmented processes for the preservation of
biomass carbon during the conversion process, discovery of
new catalysts and processes for the refunctionalization and
targeted hydrodeoxygenation of biomass derived molecules,
construction of innovative small-scale mobile plants for liquid
fuels and chemicals, processes for large-scale H, production
from sunlight, and the use of solar heat and H, while dealing
with the issue of intermittent availability of sunlight. Develop-
ment of processes for noncarbon based chemicals will also
provide new opportunities. Furthermore, chemical engineers
ready to play in the emerging arena of electricity generation
from sunlight will have to broaden their horizons by acquiring
a good working knowledge of PV device physics. The solar
energy future holds the promise to provide solutions for a
grand challenge of our time, but poses many daunting techni-
cal problems whose solution provides important and exciting
opportunities for chemical engineers.

In closing, while this perspective is written in the context of
solar energy alone, most of the comments are valid even when
secondary forms of energy such as heat and electricity are
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supplied from other sources such as nuclear, wind, geother-
mal, etc.
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