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Pressure swing adsorption (PSA) is a well-established gas separation technique in air separation, gas drying, and hydrogen
purification separation. Recently, PSA technology has been applied in other areas like methane purification from natural and
biogas and has a tremendous potential to expand its utilization. It is known that the adsorbent material employed in a PSA process
is extremely important in defining its properties, but it has also been demonstrated that process engineering can improve the
performance of PSA units significantly. This paper aims to provide an overview of the fundamentals of PSA process while focusing
specifically on different innovative engineering approaches that contributed to continuous improvement of PSA performance.

1. Introduction

Adsorption is the name of the spontaneous phenomenon
of attraction that a molecule from a fluid phase experi-
ences when it is close to the surface of a solid, named
adsorbent. There are several pristine works that explain
this phenomenon in detail [1-18]. Adsorbents are porous
solids, preferably having a large surface area per unit mass.
Since different molecules have different interactions with the
surface of the adsorbent, it is eventually possible to separate
them. When the adsorbent is put in contact with a fluid
phase, an equilibrium state is achieved after a certain time.
This equilibrium establishes the thermodynamic limit of the
adsorbent loading for a given fluid phase composition, tem-
perature, and pressure [3]. Information about the adsorption
equilibrium of the different species is vital to design and
model adsorption processes [19-27]. The time required
to achieve the equilibrium state may be also important,
particularly when the size of the pores of the adsorbent are
close to the size of the molecules to be separated [28—43].

In an adsorption process, the adsorbent used is normally
shaped into spherical pellets or extruded. Alternatively, it can
be shaped into honeycomb monolithic structures resulting
in reduced pressure drop of the system [44-54]. The feed
stream is put into contact with the adsorbent that is normally
packed in fixed beds. The less adsorbed (light) component
will break through the column faster than the other(s).

In order to achieve separation, before the other (heavy)
component(s) breaks through the column, the feed should be
stopped and the adsorbent should be regenerated by desorb-
ing the heavy compound. Since the adsorption equilibrium
is given by specific operating conditions (composition, T and
P), by changing one of these process parameters it is possible
to regenerate the adsorbent.

When the regeneration of the adsorbent is performed
by reducing the total pressure of the system, the process is
termed pressure swing adsorption (PSA), the total pressure
of the system “swings” between high pressure in feed and low
pressure in regeneration [55, 56]. The concept was patented
in 1932, but its first application was presented thirty years
later [57].

Over the years it has been demonstrated that PSA
technology can be used in a large variety of applications:
hydrogen purification [58-72], air separation [57, 73—
80], OBOGS (on-board gas generation system) [81], CO,
removal [82-84], noble gases (He, Xe, Ar) purification [85—
87], CH4 upgrading [31, 34, 37, 40, 42, 88-96], n-iso paraffin
separation [5, 97-99], and so forth. The PSA processes
are normally associated to low energy consumption when
compared to other technologies [12, 55, 100-102].

As a rule of thumb, pressure swing adsorption is
preferred to other processes when the concentration of the
components to be removed is quite important (more than a
few per cent). In such conditions, loading the column with
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FIGURE 1: Schematic design of the first two-column pressure swing adsorption unit and valve sequencing for different steps in the cycle [1].

the heavy component is accomplished quite fast and since
the pressure of the system can be changed rapidly, the time
between adsorption and regeneration is balanced. When the
concentration is low, the adsorption step may take much
longer and other options like temperature swing adsorption
(TSA) can be considered [12].

The behaviour of the PSA unit is mainly determined by
the adsorbent employed for the separation. However, the
engineering of the PSA unit is also an important aspect. In
fact, the main task of defining a PSA unit is to select correctly
the adsorbent to be employed [103]. After that, all the
engineering efforts should be placed in defining an effective
strategy to regenerate the adsorbent. Thus, the advances
obtained in PSA units can be divided in two main domains:
the discovery of new adsorbents (material science) and new
and more efficient ways to use and regenerate the adsorbent
(engineering).

This work provides an overview of PSA processes
and its evolution on time. The most important industrial
applications of PSA processes will be used to address its
technological evolution: air separation and hydrogen purifi-
cation. A growing market of PSA, CH4-CO; separation, will
also be used for some specific examples. Although it is not
intended to describe the state-of-the-art of materials science,
an example of the effect of different adsorbent materials in
PSA operation will be provided. Finally, the effect of different
regeneration protocols and the reduction of the overall cycle
time (Rapid Pressure Swing Adsorption) are discussed.

2. Fundamentals of Pressure Swing Adsorption

The essential feature of the PSA is that when the adsorbent
is saturated, using a sequential valve arrangement, the feed
is stopped and simultaneously the total pressure of the
column is reduced. The reduction in pressure results in a
partial desorption of all the species loaded in the column,
“regenerating” the adsorbent. Since this process was patented
after TSA, it was initially known as “heatless” process. The
first patent application where PSA technology was described,
was presented by Charles Skarstrom for oxygen enrichment
[57]. A scheme of the two-column PSA introduced in that
patent is shown in Figure 1. In order to operate such unit
cyclically, a column experiences a series of “steps”: events like
opening and closing valves and changing flowrate direction
for example. The sum of all the steps is termed as “cycle”.
Even when the process is unsteady, after some cycles it
reaches a Cyclic Steady State, CSS. When CSS is achieved, the
performance of the cycles of the PSA is constant over time.
It should be noted that since this process sometimes involve
substantial amount of heat generation, there can be multiple
CSS [104].

The four steps of the “Skarstrom cycle” are also shown
in Figure 1: feed, blowdown (or evacuation), purge and
pressurization. In this cycle, in the feed step, air is fed to
the first column (C1) at a pressure higher than atmospheric.
The adsorbent initially used (zeolite 5A) is selective to
nitrogen, making the exiting stream (after valve V7) richer
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in oxygen. When the adsorbent packed in Cl is saturated
and cannot adsorb more nitrogen, the feed is directed to the
second column (C2). In order to release part of the nitrogen
adsorbed in Cl, the flow direction is reversed and the total
pressure of the column is reduced by venting to atmosphere
(opening valve V3). There are different terms to call this step,
but blowdown is one of the most common and will be used
here. In the blowdown step, nitrogen is desorbed from the
adsorbent and released and at the end of this step, the gas
phase inside the column is rich in nitrogen. To additionally
remove nitrogen from the column, a purge step (or light
gas recycle) is used. The purge consists of recycled part of
the enriched air from the other column which is flowing
by the pressure differential between the two columns. After
the adsorbent is ready to load more nitrogen, the overall
pressure of the system should be restored. That is done in
the pressurization step using the feed stream. After all these
steps were finished, a complete cycle was completed. It is
important to notice that although the column operation
is discontinuous, the feed stream is being employed so
the process can be viewed as continuous. However, the
exit is discontinuous and a tank is required to be coupled
for a continuous discharge. Also, the operation in both
columns should be synchronized to satisfy the continuous
utilization of the feed and to provide purge gas to the other
column.

The requirement of continuous feed processing, even
being a discontinuous process, was recognized, since one of
the first inventions of adsorption processes [105]. Further-
more, the valve arrangement for sequential opening - close
and step definition was also very similar to designs presented
for TSA processes [106]. However, the contribution of
Skarstrom allowed a tremendous improvement in utilization
of the adsorbents: while TSA cycles last for several hours, the
PSA cycles are much shorter and thus using more adsorbent
per unit time.

Another important aspect of a PSA process was men-
tioned in Skarstrom’s application: heat effects and conserva-
tion. In the adsorption step, heat generated by adsorption
may be important in which case the temperature of the
column changes with time and also with position [4, 5, 55].
The consequence is a reduction in the adsorbent capacity.
The “heat effects” may be very important in designing a PSA
unit [107] and should be taken into account in the design:
laboratory or small-scale experiments are either isothermal
or close to isothermal and the heat capacity of the wall is
important while large-scale processes behave adiabatically.
In the desorption steps, the opposite is happening: energy is
required for desorption resulting in a temperature decrease
enhancing the potential capacity of the adsorbent and
making desorption more difficult. This will happen in all
PSA applications but in some cases, the amount of heat
generated is not so important and the process can be
considered isothermal. Every time there is a temperature
swing associated to the PSA cycle, the performance is worse
than what would be if the cycle is isothermal. However, since
the thermal effects are present, it is good practice to conserve
the “heat wave” inside the column: this heat will be used for
a faster desorption.

3. Modifications to the Skarstrom Cycle:
New Cycle Steps

In the years after Skarstrom invention, there were several
patent applications to improve the cycle. In a patent that was
filled almost at the same time as Skarstrom, the regeneration
under vacuum was introduced by Guerin de Montgareuil
and Domine [73]. When vacuum is used for regeneration
it is common to term the unit as vacuum pressure swing
adsorption (VPSA). Although the utilization of vacuum
may have an impact on the energetic requirements of the
system, the efficiency of the unit may be greatly improved
if the loading of the most adsorbed components changes
dramatically at pressure lower than atmospheric. In the same
invention, the authors have introduced the utilization of
the pressurization step using part of the enriched gas. The
utilization of a pressurization using part of the purified gas
had impact in the purity of the produced gas [108]. Even
when using the same pressure swing concept, the alternatives
to develop the PSA technology are quite diverse, opening the
“PSA engineering” possibilities.

The introduction of a pressure equalization step was
developed at ESSO Research group [74, 109, 110]. Taking
the two-column PSA scheme from Figure 1, after C1 ends
the feed step (and is at high pressure), C2 ends the purge
step (and is at low pressure). In that moment, V5 and V6 are
simultaneously opened, short-circuiting the columns. This
means that part of the gas that will normally get lost in the
blowdown step is being used to pressurize the other column,
loosing less purified gas. If the gas moving from one column
to the other is not significantly adsorbed (e.g., hydrogen) the
pressure achieved after the equalization step is the geometric
average between these two values. The overall pressure can be
lower if the gas transferred is fast adsorbed [111]. The result
of the pressure equalization step is a direct improvement in
the recovery of the light product [112, 113]. The introduction
of a pressure equalization step in a 2-column PSA unit results
in a significant change of the “continuity” of the process.
When the two columns are in pressure equalization, there is
no feed processing so at least one more column is required
[110].

When several columns are employed, several pressure
equalization steps can be done [114-116] and as a conse-
quence, the overall recovery is increased [65, 117, 118]. This
finding resulted in the design of multiple column (Polybed)
PSA units [65].

Another possibility to remove part of the light compo-
nent from the column before blowdown is depressurizing the
bed co-currently to the feed direction. This step is very useful
in hydrogen purification and is normally termed as “provide
purge” step since it provides gas for purging other column
[119].

Co-n-current depressurization was also used to remove
the less adsorbed gas from the column in order to increase
the content of most-adsorbed gas inside the column (aiming
to its concentration) [32, 120-122].

An interesting concept of column depressurization is
provided by the unique availability of “free vacuum”
obtained in outer space [123]. In order to have a faster
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FIGURE 2: “Grey-box” generic example of a pressure swing adsorption (PSA) process. The inlet and exit streams are characterized by molar
fraction (y;), volumetric flowrate (Q;, m*/s), and gas concentration (C;, mol/m?).

depressurization, it was proposed to open the column from
both ends to release the gas faster. Parallel equalization using
valves at different column lengths were also suggested [124].
Using a low-pressure feed as a purge was also suggested
to increase the purity and recovery when compared with
the Skarstrom cycle [125]. For the case of separation of
a ternary mixture, feeding and one product withdrawal in
intermediate positions of the column was also suggested,
with a PSA design resembling the Petliuk scheme for
distillation [126, 127].

In order to displace the light component to the product
end, a recycle of the heavy component was suggested by
Basmadjian and Pogorski [128]. This step was called “rinse.”
Although the rinse step aimed to provide a solution to
concentration of low-per cent light compounds, it has been
widely used for other purposes: concentration of the more
adsorbed species [32, 120-122, 129-132].

In fact, the number of possible “steps” is not very large.
However, using them in an efficient way has proved to be a
difficult task. So far, the question raised by Professor Ruthven
in 1992 was not yet completely answered [133] (“Is it possible
to develop an algorithm for automatic generation of PSA
cycles and tuning of the various steps?”).

4. Performance Indicator Parameters of
a PSA Process

So far, it has been shown that PSA processes have a
tremendous flexibility in design (so large that sometimes is
misleading). A completely different number of columns can
be used and also a quite large number of cycles are possible.
In order to provide a certain “common framework” to
understand some aspects of PSA engineering, it is desirable
to have some “performance indicators” (PI) which will
be the ones that will define how well performs the PSA

TABLE 1: Performance indicator parameters for a PSA process.

Less-adsorbed gas is the More-adsorbed gas is the product

product -
Purity - ?TcT — Purity = ZNCI et
Recovery = % Recovery = %
Productivity = m Productivity = m

Energy = sum of all compression and vacuum sources used

process. For the definition of such parameters, the PSA
process depicted in Figure 2 can be considered. The image
shows a PSA process with X columns (X can also be unity)
accommodating a specific mass of adsorbent per column
(wads) and with multiple connection lines to accommodate
very different steps. The objective is to separate component
i from N components and two cases may be found: either
the purpose of the PSA is to purify the less adsorbed gas or
alternatively, to concentrate the more adsorbed gas.

The most common PI found in PSA processes are listed
in Table 1 [134]. The two first PI (purity and recovery) are
related to the separation efficiency of the PSA and normally
establish the GO/NO GO condition in process design. If
such specifications are satisfied, the “fingerprint” of the
unit is evaluated by the productivity. Finally, the energetic
considerations should be made. Since the process is so
flexible, it is difficult to define an energetic PI other than
saying that is the sum of all work used for compression and
vacuum. Note that the recovery and productivity have an
integral term that is mainly due to variations in flowrate in
the exit streams.
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Most works on PSA processes have shown that normally
the purity and recovery present a trade-off for the design. In
the case of recovering the less adsorbed gas, if more purge
is used, more of the contaminants can be desorbed from
the column and purity increases, but since more light gas is
exiting from the “bottom end,” light-gas recovery is smaller.
A similar effect is observed for the utilization of the rinse step
and purity and recovery of the more adsorbed gas.

However, other strategies are valid to improve process
recovery without seriously affecting the purity. The case of
Polybed PSA for H, purification is a good example [65].
The units built until 1975 were having 4 columns and the
recovery of H, was around 60%. Nowadays, PSA unit with 12
columns are found [65] and up to 16 columns were patented
[135] with H, recovery close to 90%. When the number
of columns is increased, more pressure equalization steps
can be performed and thus less hydrogen is lost with the
contaminants, increasing its recovery.

The developments in the PSA process presented above
were mainly motivated to improve the purity and the
recovery of the target product(s). Nowadays, several new
applications of PSA as an alternative technology are still
in the stage of finding proper cycle configuration (step
scheduling and times, number of columns, etc.). Other appli-
cations in more established markets are intending to improve
either the unit size and/or the energetic consumption of the
separation.

5. The Role of the Adsorbent in PSA

The development of materials science in the last 60 years was
quite intense. The result was the discovery of many porous
materials, from all kind of zeolites and mesoporous materials
[136-141] to the most diverse surfaces in activated carbons
[142-145] and lately the high-surface area coordination
polymers [146-151]. However, as strange as it may seem,
only few materials are used in PSA units nowadays.

A review of adsorption properties of the different mate-
rials is out of the scope of this work, but good databases with
adsorption properties of different gases on several adsorbents
can be found [16, 152, 153]. What is important to mention is
that a material to be used in PSA should be easily regenerated.
It is frequent to find in literature adsorbents with a very
high capacity, particularly at low pressures. Normally the
isotherms of gases on such adsorbents are “rectangular”: very
steep at low pressures and quite flat after a certain pressure.
Defining the “cyclic capacity” as the difference of loading
between the high and low pressures of the PSA cycle, the
only way to have an acceptable cyclic capacity is making
blowdown at very high vacuum. The direct implication
of using such conditions is that the power consumption
increases rapidly. So, materials showing linear or slightly
nonlinear isotherms are preferred in PSA design.

One frequent case is to have a multicomponent mixture
of gases and that the number of compounds to be separated
cannot be removed by a single adsorbent. The solution to
this problem was found for the case of H, purification from
methane steam reforming. In this application, H, is mixed
with H,O, CO,, CO, unconverted CHy, and possibly other

gases like N;. Activated carbon can be used to remove H,O
and CO, quite selectively but the loading for CO is rather
limited for small partial pressures. It is thus common practice
to use different layers of adsorbents to increase the loading of
CO in the same column. This approach has also been applied
in other separations [66, 70, 79, 154—160]. Consecutive layers
of adsorbents can also be used to improve the productivity
of kinetic adsorbents by adding a material that can be easily
regenerated after the kinetic adsorbent [161, 162].

Other important aspect regarding the material properties
for PSA applications is the diffusion of the different gases
through its porous structure. There are different types of
“resistances” to diffuse from the bulk gas phase to the
adsorption site [4, 5]. They are: boundary layer around the
adsorbent particle, and resistances in the macro-meso pores,
mouth of the micropores, and micropores (or crystals).

In some applications however, these mass transfer “prob-
lems” have become part of the solution. In fact, if the
diffusional resistance of one of the components of the
mixture is very large, this gas will take so long to adsorb that
can be separated from other gas that diffuses faster through
the pores.

The “kinetic processes” were recognized soon [28]. In
fact, materials like zeolites are called “molecular sieves”
because of this effect [136]. Another example of kinetic
materials is the carbon molecular sieves (CMS) [29-31,
33, 38, 163-167]. A CMS is prepared by contracting the
pores of an activated carbon to limit the adsorption of
some molecules. Its first utilization was for air separation to
separate O, from N,.

An extreme example of resistance to diffusion is the
molecular exclusion like in the Isosiv process [5, 97-99].
In the Isosiv process, n-paraffins are selectively adsorbed in
zeolite 5A, while isoparaffins are kinetically excluded from
the zeolite crystals.

Most recently, several inorganic materials have proved to
be useful for kinetic separations [34, 36, 168—173]. A special
kind of titanosilicates, ETS-4, cation exchanged with alkali-
earth metals can be used for kinetic separations [35, 41, 174,
175]. In these materials, the pore size can be tuned with a
very high accuracy by thermal treatment of the sample. Many
studies have confirmed that CH4 can be excluded from the
structure while gases like H,S, CO,, and specially N can be
adsorbed [43, 176, 177].

6. Advances in Process Engineering

From all the main advances in process engineering, the most
challenging one is the development of cyclic strategies that
can improve the performance indicators of the PSA. Despite
the performance of the material, the design of a PSA process
requires several engineering decisions that should be taken
sometimes with a very deep impact in terms of performance
indicators. The main drawback of the engineering of a PSA
process is that it is quite task consuming (and normally
iterative).

With modern computers, the design of the PSA cycle
can be carried out by modelling different scenarios. There
are different degrees of complexity to define a PSA model,



normally comprising several partial differential equations
linked by the equation of state and the isotherm model
to define the thermodynamic properties of the gas and
adsorbed phases, respectively. Although the model can be
solved by numerical methods [55, 113, 178-183], there are
several commercial programs that can be already used for
that purpose: ASPEN, COMSOL, gPROMS, PROSIM, and
so forth [18, 184-187].

The simulation of a PSA process requires an initial
step of defining a cycle structure (ordering the steps in a
pre-defined sequence) and then estimate the performance
indicators obtained. For the selected cycle, all the step times,
blowdown pressure, and flowrates of rinse and purge steps
should be determined [25, 188-192]. Alternatively, it has
been suggested that a general “super-cycle” can be used to
estimate the optimal duration of each of the steps [193].

In most cases, the definition of the cycle has to be done
under certain constrains like combining it in a multiple col-
umn array. Other constraints can result from the availability
of gas to the purge step, the continuous utilization of vacuum
pump for blowdown, and so forth. The availability of gas
to the purge step can also proceed from a depressurization
step (provide purge) [119] or from a prestored amount in
a tank [194]. A graphical procedure to schedule PSA cycles
was suggested [195, 196]. It is also found in literature that
in some cases, the best cycle does not match perfectly in
a continuous array of columns and thus an “idle” step is
used where the column is closed and no effective step for
adsorption or desorption takes place. However, the existence
of idle periods does result in smaller unit productivity of the
PSA unit.

Recasting how the PSA productivity is calculated, we
can see the interaction between the influence of process
engineering and adsorbent development is mixed. If we have
an adsorbent with a better cyclic capacity, we will be able
to adsorb more gas per cycle and thus reduce the overall
weight of adsorbent (or alternatively, increase the production
of gas). On the other side, by better process engineering, we
could improve the performance of the unit by balancing the
amount of gas produced and possibly reducing the number
of columns employed.

Furthermore, there is a third alternative: reduce the total
cycle time. This alternative was suggested many years ago
[197] and has started been implemented in the 80s [198].
When the total cycle time is smaller than 30 seconds, the
process is normally called Rapid PSA (RPSA) [145, 179, 198—
214].

A typical cycle time (feyqe) of a normal PSA process is in
the order of 10 minutes. In that time, the adsorbent is used
to adsorb and desorb a certain amount of gas. Within each
column of the PSA that amount adsorbed will be distributed
in an initial zone where equilibrium has been achieved and
a “mass transfer” zone close to the end of the column
where the adsorbent is not completely saturated. The mass
transfer zone is related to kinetic limitations to diffuse into
the adsorbent and axial dispersion. Reducing the cycle time
will result in more kinetic limitations and thus longer mass
transfer zones. However, if reducing the cycle time in a factor
of 10 results in a decrease of the amount adsorbed/desorbed
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in a factor of 2 (by kinetic limitations to adsorb), then the
overall productivity of the PSA unit has still increased in a
factor of 5. The result is that the PSA unit will be five times
smaller!

There are several fields where RPSA can make a complete
difference. A PSA for production of medicinal oxygen is
a very suitable unit for utilization in hospitals. However,
the concept of RPSA has opened the possibility of portable
devices with quite small size that can be used for ambulatory
patients with chronic lung diseases [78, 215]. Comparing the
productivity of a PSA process to purify hydrogen, it can be
noted that is quite lower than the productivity found in other
PSA applications. In such a field, the utilization of RPSA
concept can lead to significant reduction in size [201, 216].

The utilization of RPSA is limited by fluid dynamics.
Using the Ultra-rapid piston driven PSA, the total cycle time
was less than 5 seconds (its adsorption/desorption cycles
resemble the expansion and compression of an internal
combustion engine). Under such conditions, the mathemat-
ical models used to simulate normal PSA processes may
not work [210, 217]: mass and energy transfer description
using simplifications like LDF (linear driving force) are
not applicable. There are also some particularities related
to RPSA that could be overcome with the utilization of
specialized devices.

In RPSA processes, the time required for pressurization
of the bed can be a problem. It has been proven that by
using a honeycomb monolith, it is possible to reduce the
pressure drop of the PSA process [209] and thus reduce
the overall pressurization time. Alternative to monolithic
structures, laminated adsorbents have been suggested [218].

The other invention that is directly applicable to RPSA
technology is the rotary valve [205, 207, 219]. Taking as
example the PSA unit shown in Figure 1, it can be observed
that the step changes in a normal PSA are accomplished by
the simultaneous operation of a sometimes complex valve
array. Using rotary multiport valves, it is possible to change
the events taking place in all the columns at the exact same
time. Using a normal valve array, a failure of one second in
opening or closing one of the valves can have a significant
impact in a RPSA cycle.

Another approach to PSA technology was carried out
using radial columns [220-222]. Using radial columns, the
length of adsorbent is normally small (resulting in decreased
pressure drop) and the amount of gas to be treated at a
reasonable gas velocity can be higher.

7. Concluding Remarks

The great flexibility of PSA is normally associated to process
complexity and is still one of the major issues to introduce
this technology in several fields of industry. On the other
hand, the large flexibility of PSA processes still constitutes
its main advantage and may be the reason why it has found
applications in diverse fields.

PSA technology can be considered a mature technology
in air separation, drying, and hydrogen purification, but
there is plenty of work to do to establish this technique in
other fields [223]. Many researchers around the world are
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currently working on CO; capture from flue gases. It has
been potentially demonstrated that CO, can be captured
using PSA [224-227] but more fundamental and long-term
pilot plant studies are required to properly benchmark this
technique against amines. Also, olefin-paraffin separation by
adsorption was quite studied, but the energetic consumption
of the separation by adsorption is still comparable to dis-
tillation [228]. Utilization of PSA for natural gas upgrading
(CH4-CO; separation basically) still also remains a challenge
[229, 230]. PSA technology and even RPSA can be used
to upgrade biogas, but the flowrate and pressure levels
of natural gas require alternative solutions. Furthermore,
new stringent legislation related to reducing the emission
of greenhouse gases is changing the design of processes in
energy and fuel industries. New processes intend to include
or integrate the CO, capture, thus introducing specifications
in the most adsorbed compound. A solution that is already
in use and should be more explored is the dual PSA concept
[231-235].

In all these emergent applications of PSA technology,
faster and better solutions can happen by having a good
interaction between materials science and process engineer-
ing.
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