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Preface

This thesis is the result of my PhD research warth@ Systems and Control Group,
Wageningen University in the period January 200%ebruary 2013. The work is
funded by the Dutch Ministry of Economic Affairs der its Energy Research
Program, Project EOSLT07043 and is part of a brmogueject “Energy-efficient
Drying of Healthy Food Products”. Primarily concednwith developing energy-
efficient drying systems using adsorbents, theishiesdivided into ten chapters with
seven of them either published or submitted forlipabon in international journals.
The main body of the thesis is divided into twodmtdhemes: improving dryer energy
efficiency (covered in Chapters 2 — 6), and analyzontrollability issues and how
they affect energy efficiency (Chapters 7 — 9). [@ba1 gives a detailed introduction
to the study while Chapter 10 reflects on the majmomplishments while projecting
into the future of energy-efficient drying researckhe work will be useful to
students, academic researchers and industrial ifgyaets of drying technology,
energy management and systems approaches to preblemg. It is also my hope
that the general public, particularly those witttldi technical background will find
this publication useful in getting some ideas onegal issues like problem solving
and reporting research results without losing smfhthe advances made in energy
management as it relates to drying technology.
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Lateral thinking is a mental superstructure optatian procedure that screens out obvious solutions
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Abstract

Drying consumes much energy due to the low eneffigiencies of conventional
dryers particularly at low temperatures required Heat-sensitive products. In this
work, we aim to develop viable alternative stragsgifor energy-efficient low-
temperature drying using adsorbents. A Processe®gstEngineering approach is
employed which essentially is divided in two: pree@ptimization on the one hand
and controllability analysis in relation to energificiency on the other. Process
optimization is further divided in two: sequentiad,which the drying process is first
optimized independent of heat recovery possibdited the heat recovery options
explored in a second step; and simultaneous inhwthie process and heat recovery
optimization is carried out in a single step. Botdtimizations are done for single
stage systems with zeolite as adsorbent and nagéssystems in which adsorbent
choice is not fixed but determined from a supecstme of alternatives. With the
optimal one-stage system, we perform controllabdnalysis using classical set-point
tracking and disturbance rejection controllabiliteasures. Thereafter, a relationship
is established between dryer controllability andrgg efficiency by system analysis.
An experimental system is then developed and téstptbve some of the concepts.

Overall, energy performance improvements of up3®&o6are recorded compared to
equivalent conventional systems at the same dry@mgperatures, representing a
significant step ahead in process sustainability.atldition, various design and
operational insights are deduced from the work.yTimelude optimal operational
strategies in single and multistage systems, adsbrBequencing in multistage
systems, optimal adsorbent properties for seleciionenergy-efficient drying
applications and new process control input optiasscompared to conventional
dryers. Other achievements are #&ablishment of a relationship between dryer
energy efficiency and controllability, analysistbe effects of the adsorbent system
on this relationship, derivation of a condition femergy efficiency improvement by
incorporating desiccant dehumidifiers, and the ssmsent of effects of heat losses.

In view of the demonstrated potential of Processt&ys Engineering approaches in
improving system performance while providing usefdights, we recommend that
the same be applied to the general class of digystems known as “hybrid dryers”
of which multistage adsorption dehumidificationidgyis just one representative.



Problem solving essentially involves designing appiate control actions to minimize the difference
between currently observed or predicted futurdtiealand desired goals
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Chapter 1

Energy-efficient low-temperature drying: a challenge for
innovative process design

1.1. Energy efficient low-temperature drying: theneed for innovative design
and operation

Foods in their natural state generally contain wateich promotes microbial growth
and spoilage over time. The same goes for othermaterials and semi-finished
products in various application domains like thammaceuticals, chemicals, pulp and
paper, textiles, wood, just to mention but a fewyiby, the process of removing
excess water is thus an important preservatiomtquk which at present is gaining
increasing relevance. In the food industry for anse, a market survey covering
about 62 countries of the world and conducted bet#004-2009 reveals an annual
global dried food market growth rate of about 3.@%arketResearch.com, 2012).This
trend is expected to be maintained or even acctebtbra the coming years.

Apart from improved shelf-life, dried products arearacterized by reduced weight
for easier packaging and transportation, improvedsamer convenience, and in
some cases like in the food industry, enhanceditlaand appearance compared to
their fresh counterparts. These products are ystrhat-sensitive. Hence, drying,
which in most cases involves thermal treatmentheracterized by a wide variety of
degradation reactions which affect quality attrdsutike sensory characteristics and
nutritional value. The requirement to supply theemd heat of evaporation of water,
heat losses and product heating make the procesgyemtensive. As a result, drying
contributes about 15% of industrial energy consumnpin general (Kemp, 2005) and
10% of energy used in the food industry (Mujumdd97), significantly affecting
operating costs and environmental impact. For m®sestainability therefore, drying
systems must be designed and operated to satisfitygrequirements with reduced
energy consumption per unit mass of water evapardieis becomes more necessary
with the rising energy costs, demand for energy witreasing global population and
more stringent environmental regulations. Little nder, energy efficiency and
product quality have been identified as the maseaech and development drivers in
drying technology as a result of which over 400edrtypes have been developed
(Mujumdar, 2004). In spite of these developmerttg, ¢nergy efficiency of most
dryers in operation is still low especially wheryidg conditions are made mild to
reduce the effects of thermal degradation. Typycaltyer energy efficiencies range
from 20-60% (Mujumdar, 2007a) where energy efficiems defined as the ratio of
the latent heat of evaporated water to the totat hgout to the drying system. With
the rising energy prices, more stringent environtiaenegulations and increasing
consumer demand for quality products, the questises: “how can the energy
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efficiency of existing dryers be improved while isBting product quality
requirements?”. A related question is “what nowatem design configurations and
drying operational strategies can be introducedrfroved energy efficiency while
satisfying product quality requirements?.” Broadlgeaking, this thesis aims at
answering these questions using dehumidificati@mrtelogy based on zeolite and
other adsorbents, process integration, optimizatrahcontrol as tools.

1.2. Historical developments and research gaps

Drying, as a unit operation of pre-historic origimss undergone many developments
over time. An exhaustive review is beyond the scopethis work. However,
comprehensive reviews of more recent developmeats lze found elsewhere
(Mujumdar, 2007b; Kudra and Mujumdar, 2009). Immsrof energy efficiency and
obtaining good product quality, developments haeenblargely evolutionary in
nature (Mujumdar, 2004). Ground-breaking solutiongnergy efficient drying have
been relatively scarce and improvements tend tooagp a saturation level (Djaeni et
al., 2007a). In general, for drying processes,use of low-grade, low-cost primary
energy sources is encouraged. For any given ensogyce, the effectiveness of
energy utilization holds the key to improving systperformance. This work focuses
on improving the efficiency of energy utilizatiom idrying for any appropriate
primary energy source while satisfying drying reqments. In terms of product
quality, freeze drying which has existed for qusteme time is still the industry-
standard. Minor developments in this technologyehascurred since the first related
US patent was issued nearly nine decades ago (Ti92alF). Radio-frequency drying
and the closely-related microwave drying whoset faggplication dates back to the
1930s (Puschner, 1964) are also widely regardegbad techniques for high-value
products since they ensure volumetric heating astdrying while limiting product
shrinkage. However, the energy costs are high aretabh efficiencies low. A
relatively recent development, superheated steaymglrhas high energy saving
potentials especially when the exhaust steam issertuand integrated with
surrounding processes (van Deventer and Heijma&l)2For product quality, the
absence of oxygen makes the technology promisirigitbis unsuitable for heat-
sensitive products since the temperatures invadvecigh. Moreover, it is a complex
process. Due to the limitations described in thedoing, most non-convective air
dryers are yet to make significant inroads in indus

At present, convective air dryers make up over &% dustrial dryers (Mujumdar,
2007a). This dominance is expected to remain sojnta the foreseeable future.
Hence, any technology that reduces the energy ogptson of existing and would-be
convective dryers would impact significantly on mledrying energy consumption
reduction. However, compared to technologies likeeZe drying, convective air
dryers usually are characterized by inferior qualdttributes due to thermal
degradation (Ratti, 2001). The main strategy faluoeng thermal degradation is to
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limit drying temperatures. However, low-temperatdrging is also synonymous with
low energy efficiency for systems with high thropgh per unit volume (excluding
systems like open air solar dryers). Hence, theckdar improved technologies that
yield energy efficient performance at low dryingngeratures becomes an interesting
challenge. Heat integration by recycling portiofisdyer exhaust heat and/or using
the exhaust air to preheat the inlet via heat exghes have been shown to improve
energy performance of convective dryers (Strumélo al., 1995; Moraitis and
Akiritidis, 1997; Krokida and Bisharat, 2004; Lggsen, 2010; Atkins and Walmsley,
2010). However, since the drying process in itselfimited by a thermodynamic
barrier - the requirement to supply at least thentaheat of vaporization of the water
evaporated and due to limitations in heat recoysmticularly for low temperature
drying, improvements might not be significant. Ker(@005) by pinch analysis
showed the heat-recovery limitations of low-tempamdryers. Usually, only a small
portion of the exhaust air sensible heat can beoaally recovered while all the
latent heat is lost. In view of these issues, the of process integration to reduce
energy consumption is gaining increasing prominengeits broadest form, this
usually involves combining the basic conventionafed with complementary unit
operation(s) or some other dryer type(s) and trenfopming heat integration where
possible. The technique forms part of an activeassh field known as hybrid drying
which is foreseen to make significant progress ndustrial drying this decade
(Mujumdar, 2007b).

Various hybrid drying technologies are currentlydifferent stages of development.
Examples include the infra-red, radio-frequency amdrowave-assisted convective
dryers (reviewed in Raghavan, et al.,, 2005) witltrowave-assisted freeze dryers
(Duan et al., 2010) and infra-red-assisted freezerd (Chakraborty et al., 2011)
developed mainly to enhance drying speed and gqualdthers are the
dehumidification-based strategies like heat pumpndr a variant of which is the
chemical heat pump drying (Ogura and Mujumdar, 2@@ura et al., 2003), and
desiccant adsorption dehumidified air drying (Djaeh al., 2007a; Djaeni et al.,
2007b ). There is also multistage drying usingegithe same or different dryer types
per-stage (Spets and Ahtilla, 2004; Menshutind.e2@04; Namsanguan et al., 2004;
Djaeni et al., 2009a). Intermittent drying involginime-varying process conditions
for batch drying or different drying conditions ps&iage or pass of a multistage or
multi-pass continuous system (Islam et al., 20@8jict also be seen as an example of
a hybrid system capable of improving energy pertoroe and quality Here, although
the equipment is uniform, the system is hybrid pemtion. Combining heating
modes like conductive-convective-radiative dryisganother hybrid drying method
currently in use. In some cases, some of the hybxdr types are again combined to
form new hybrid systems. Instances include heatppassisted microwave drying
(Jia, 1993), multistage heat pump drying (Alvesi&iet al., 2008), adsorbent-assisted
atmospheric freeze drying with multimode heat infreehman and Mujumdar, 2008),
desiccant wheel-assisted heat pump drying (Warad..e2011) and a host of others.
More detailed discussions on some of these andr dijlerid drying systems are

3



Chapter 1

available in the review (Kudra and Mujumdar, 200Rh)ere is evidently much room
for improvement since many dryer combinations atety be well-investigated.

For the afore-mentioned hybrid systems, design (#gice and sequencing of dryer
types) and choice of operating conditions remaangdly an art, guided by intuition.
However, it is generally agreed (Chou and Chual2®8ujumdar, 2007b; Kudra and
Mujumdar, 2009) that an “intelligent” combinatiof dryer types is critical to fully
harnessing the potential benefits of hybrid dryidgth the advent of sophisticated
modeling and optimization tools with high computipgwer in the market today, the
possibility of increasing the design and operatidimelligence” has increased more
than ever before. Drying technology is in dire neé@xploiting these developments
in optimal drying system design for energy effiagmnd quality. Also, an interesting
but often overlooked fact about hybrid dryers iattthe addition of more system
components opens more opportunities for beneflogat integration than would be
possible for stand-alone dryers with limited numdiieprocess streams. Another is the
fact that while on the one hand, there is increasmuplexity which might limit
operability, extra control inputs are also introedavhich increase process flexibility
potentials. These imply new process controllabibgues which in turn affect energy
performance and product quality under operatiopaldiions. These issues need to
be investigated further for each existing and wehgchybrid system.

The objective of this research is to fill the afonentioned research gaps for a class of
hybrid dryers that uses desiccant (i.e. adsork®yslems (e.g. zeolite wheel or bed)
coupled to a basic convective dryer, either innglsi or multistage arrangement. The
desiccant adsorption system lends itself easiip¢orporation to existing convective
dryers (both batch and continuous) which as meatomarlier make up an
overwhelming majority of all industrial dryers. Thleying air is dehumidified by
passing through the adsorbent such that it gaipisglicapacity and hot air, used to
regenerate wet adsorbents to ensure continuoug.ushg overall system is suitable
for low-temperature drying with possibilities foredt integration. In this thesis,
modeling and optimization are used as tools tomize overall dryer specific energy
consumption while satisfying drying requirementslisiwas final moisture content
under constrained temperatures to limit thermalrai#gtion. Issues like the optimal
operating conditions, routing of heat recoveryatme for heat integration, choice and
sequencing of adsorbent types in multistage systemstrollability analysis and
controllability integration in energy-efficient dgsn design are investigated.

1.3. Dehumidified air drying by adsorbents: the ptential of intelligent
process, energy and controllability integration

The need to produce dehumidified air for varioupligptions like air conditioning
and refrigeration has long been recognized. Liteeastudies on the use of adsorbents
for this purpose date back to as far as the 19@asty and Armstrong, 1964;
Plachenov, 1965; Roubinet, 1969; Kritsula, 1969;i Gimd Wasan, 1970).

4
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Applications in solids drying, for instance in fo@ioducts came much later with
mainly “proof of concept” studies (Tutova and Felban, 1976; Milner, 1979) a
modern schematic of which is shown in Fig. 1.1c8ithen, many more studies, some
experimental and a few model-based, have appeardidei literature with various
research themes as chronicled in Table 1.1. Apamt fising adsorbent-dehumidified
air for drying, the approach used in most workghis so-called contact-sorption
drying which involves direct contact between theabents and dried solids (van
Boxtel et al., 2012). Drying with adsorbent-dehuifired air introduces a number of
advantages. There is wide applicability as the dmsd system lends itself to easy
incorporation in existing convective dryers regasdl of the type. In terms of energy
performance, the drying capacity of the drying @rincreased by adsorbent
dehumidification and the corresponding sorptionthedease. All these can be
achieved while drying at low temperatures, whicheseficial from a product quality
perspective. Although much energy is consumed fsodbent regeneration which
typically occurs at high temperatures, the addéigorocess streams provide more
alternative pathways for beneficial heat integmattban stand-alone dryers. These
alternatives increase in multistage systems whegeekhaust air from each drying
stage is passed through adsorbent systems to resen&ble and latent heat with

Product flow Exhaust air
Exhaust air

Regenerator l

- Heat Recovery

Ambient '

air

Zeolite beds

Zeolite

Zeolite beds

n n

Ambient
air

Fig. 1.1. Adsorption dryer system (Adapted fromédjiget al., 2009b): Ambient air is dehumidified
and passed through a multistage drying systemntacbthe wet product. Spent adsorbent is
regenerated by hot air.

Table 1.1. Selected literature review on desictased drying on various research themes

Research Theme References

Product quality Tutova et al., 1988; Strumillo &t 4995; Tadayyon et al., 1997;Seyhan and
Evranuz, 2000; Nagaya et al., 2006

Drying kinetics in| Pinaga et al., 1984; Watts et al., 1987; Falakstllal., 1991; Alikhani et al.,
various adsorbents | 1992, Li et al., 2002; Osorio-Revilla, et al., 2006ang et al., 2006
Wachiraphansakul and Devahastin, 2007; Madhiyahah,e2007

Development and usgErtas, et al.,, 1997; Thoruwa et al., 2000; Tirawhakul et al., 2008
of novel adsorbents | Witinantakit, et al., 2009; An et al., 2010

Energy issues Milner, 1983; Ulku et al., 1991; la#z et al., 1992; Djaeni et al., 2007a,|b;
Djaeni et al., 2009a, b; Antonellis et al., 2011
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more possibilities for heat exchange. Again, titeoduction of the adsorption system
decouples energy expenditure from the drying pwaself. In conventional dryers
where the drying air is heated up by utility enerfyjgm ambient to desired
temperature before drying (see point A to B in plsgchrometric chart of Fig. 1.2),
the air faces thermodynamic barriers. As the prodties, the air humidity rises from
the dryer inlet B to the outlet C. Drying capacigpresented by the vertical line
terminating at C is therefore limited, restrictiegergy efficiency. The problem is
more when drying at low temperatures to limit pratdquality degradation. For the
adsorption dryer, the dehumidification processn{frd to B’) increases the drying
capacity of the air (represented by the verticad firom A’ to C’) under the same exit
relative humidity conditions as the conventionajedr The dehumidification is also
accompanied by sorption heat release which cabse®mperature to rise (from A to
B"), thus supplying energy for drying without utyli The main utility energy is thus
not spent on drying but on regenerating the spgstrddent. The operating conditions
that determine regeneration energy consumption fle\ys and temperatures) can in
principle be manipulated independent of the drymmgcess itself thus shifting the
thermodynamic barrier on the conventional systeraréMmanipulated inputs are also
introduced by the sorption system for controllirige tdried product-based output
variables. The desiccant adsorption dehumidificatsystem thus increases the
performance potentials of convective dryers frone thoint of view of energy
efficiency, controllability and low-temperature eggon for product quality.

However, exploiting the potentials depends on distadhg synergy among
component parts and determining optimal operatingditions. This requires a
Process Systems Engineering approach which se facking in the open literature.

Relative Humidity %
2%00 80 60 40

9%

————— > Adsorption dryer

——> (Conventional dryer

Wet Bulb 2
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Fig. 1.2. Psychrometric chart comparing drying citpes of adsorption and conventional dryers
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In this thesis, available knowledge from systemslatiag, optimization and control
theory is utilized to extend the energy performaoicadsorption dryers while drying
at low temperatures. For this purpose, the follgaesearch questions are posed:

1. How best should the adsorbent-based dehumidifitatioyer be operated

energy-wise while drying at low temperatures?

What is the optimal energy recovery routing amoragess streams?

How can process and energy integration techniqeeapplied to optimize

synergy among components in multi-pass or multyestystems?

4. What key adsorbent properties should guide seledticadsorbent dryers as
far as energy efficiency is concerned?

5. How can such a system be controlled?

6. What are the disturbance rejection capabilities?

7. How can controllability be integrated within energf§icient dryer design and
how does the adsorbent system affect this?

8. Are there any practically-relevant theoretical gigs from the developments?

wn

The discussion that follows outlines the stepsrakerealize solutions to the above
issues which can broadly be classified in findimgimal operating conditions for a

given process structure (1, 2 and 3), finding optiprocess structures (2, 3 and 4),
process controllability (5-7) and scientific advament (8).

1.4. Research methodology and thesis structure

The methodology employed in this work is represgénte Fig. 1.3. It involves a
survey of relevant literature, mathematical modefedlopment which comprises the
development of models of the process units, integraf the models to form systems
and formulation of various levels of energy-relatgatimization problems based on
different process scenarios. As part of the overaltlel development, controllability
assessment-relevant models are also developed rdaadgrated into the energy-
efficient design problem. Finally experimental waskdone to prove some parts of
the earlier developed concepts while extendingrtriers of the study. On the basis
of the foregoing, the thesis is structured as fedlo After the generaitroduction
which is the subject of the current chapter, a evathitical model of a zeolite
adsorption dryer is developed a@napter 2 and an energy efficiency optimization
procedure formulated to determine the optimal dpegacondition before and after
heat recovery. Irchapter 3, sensible and latent heat recovery are considaned
integral part of drying system design and a onp-ptech location-based optimization
problem formulated to determine simultaneously,dpgmal operating conditions of
the drying process and heat recoveGhapter 4 details the formulation of a
superstructure of adsorbent alternatives in a stafje drying system to find the
optimal adsorbent per-stage in terms of energyopadnce while optimizing
operating conditions. Heat recovery is consideed aecond step. thapter 5, heat
recovery is considered simultaneously with the myyiprocess in a one-step
optimization while the derivation of some optimekarbent properties that promote
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Literature Survey

/ Model \

Development

Process Model Optimization
Models Integration Models

Controllability-
\ relevant Models /

Proof of Principle Experimental Work

Fig. 1.3. Block diagram showing research methodglagrows show the chronological order of
starting (for instance, literature survey startlolEmodel development).

process synergy and energy efficiency using a géimed superstructure forms the
basis forChapter 6. Controllability assessment of single-stage adsmralryers with
heat recovery is the focus ahapter 7, along with the sensitivity of energy
performance to disturbances.dhapter 8, a relationship is established between dryer
controllability and energy efficiency which permitse integration of controllability
concepts into the design phase. The role of therhdat system in this regard is
examined in detail. IrChapter 9, the methods used in chapter 8 are extended to
practical systems involving significant heat lossBso case studies are considered
with the first involving a continuous fluidized beldyer taken from literature. In the
second case study, a lab-scale drying system wibtachable zeolite-filled rotary
wheel is designed and coupled to a batch tray dByemeans of this system, proof of
principle experiments on the relationship betweeyedenergy efficiency and the
process gain matrix are carried out. The dryingabahr of constant-drying rate
materials is used as case studies with and witltloaitdesiccant dehumidifier to
demonstrate the level of improvement derivable fitva dehumidifier. The work is
concluded inchapter 10 which takes a retrospective view of the work, detthe
main contributions and examines future perspecti@ed challenges for further
development in energy efficient drying system desighapters 2 — 6pertain to
research questions 1 — 3 whilapters 7 — 9address questions 4 —@hapters 2 —

9 address question 7 whi@hapter 10 concludes the entire study. The main body of
this thesis is therefore divided into two broadntles: improving dryer energy
efficiency (covered irChapters 2 — §, and analyzing controllability issues and how
they affect energy efficiencyChapters 7 — 9.
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Model-based energy efficiency optimization of a low
temperature adsorption dryer

Published as Atuonwu, J.C., Straten, G. van., Devehl.C. van., Boxtel, A.J.B. van
(2011). Model-based energy efficiency optimizataira low-temperature adsorption
dryer,Chemical Engineering and Technolo@y#, 1723-1732.

Abstract

Low-temperature drying is important for heat-sawsitproducts, but at these
temperatures conventional convective dryers hawe &mergy efficiencies. To

overcome this challenge, an energy efficiency ogtiion procedure is applied to a
zeolite adsorption dryer subject to product qualitiie procedure finds a trade-off
between the improved drying capacity due to dehifivedion and energy

expenditure due to regeneration while incorporagngduct drying properties. By
optimizing the regeneration air inlet temperatudgying air, adsorbent, and
regeneration air flow rates as well as sensible lateht heat recovery from the
regenerator exhausts, the energy consumption ieedby up to 45% compared to
the state-of-the-art. The high mass transfer eféédtigh temperatures is utilized in
the regenerator to boost dehumidification whilelasog the heat-sensitive dried
product from the quality-degrading effect.

Keywords Adsorption drying, energy consumption, heat recgy process
optimization

2.1. Introduction

Drying is an important unit operation applied iwi@e variety of processes such as in
food, pharmaceuticals and chemicals. It is an gnengnsive process that accounts
for about 15% of industrial energy consumption (KenR005) and as such,
contributes significantly to industrial operatingsts and environmental impact. With
increasing energy costs and more stringent envieoah legislations world over,
reducing dryer energy consumption becomes morerigpio Usually one of the last
steps in many processing operations, drying canditinave significant effects on
product quality. The development of energy effitiand product friendly dryers is
thus an important issue in industry.

Thermal efficiency %), the most important index of dryer energy perfance, is
defined as the ratio of the ener@¥(,y required to evaporate water from the product
to the total energy input of the dry&p():
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= Qevap 2.1
n o (2.1)

Hence, for convective dryers which constitute 0886 of all industrial dryers
(Mujumdar, 2007a), the drying capacity, essenti@iy., is improved by increasing
the amount of moisture evaporated by raising dnamgtemperature, reducing its
absolute humidity or a combination of both (Djaehal., 2007a). For the same drying
capacity, efficiency can be improved by recoverngartQ.. of the exhaust stream
energy such that net efficiency becomes

Net = QQfQ" (2.2)

Due to the limiting effect of high drying temperags on quality retention, low and
medium temperature drying have been proposed frdensitive products. However,
low temperature drying suffers from very low energfficiencies (Djaeni et al.,
2007a). Drying air dehumidification using adsorlseletads to a reduction in absolute
humidity accompanied by the release of adsorptieat liDjaeni et al.,, 2007a). The
combined effect increases the capacity of the @idity more efficiently without
raising the temperatures to undesirable high vallles limitation however lies in the
energy required for regeneration. For instance, iMaohon et al. (2007) in an
experimental study on a silica gel adsorption dnggort a 30-35% improvement in
drying capacity but with a 40-80% increase in epergage by regenerating at 101°C.
Djaeni et al. (2007a) simulated a zeolite systena akgeneration temperature of
300°C. Although an improvement in drying capacityaswrecorded, the high
regeneration temperatures used for the choseneeaii and product flows negated
the improvement. The result for a one-stage systafmout heat recovery was an
efficiency of 48.6%. In these studies, the possybaf improving system performance
before heat recovery by optimal choice of operatiogditions was not explored. The
free parameters of the system such as regenemtidtemperature, flowrate, drying
air and adsorbent flowrates were determined basemhgineering judgment alone.

Process optimization provides a means of drivingcgsses to operate at the best
possible point with regard to specific objective(ghile respecting defined
constraints. To achieve this, models capable oébild sensitivity analysis of the
objective function with respect to the decision ialles are required. Many
mathematical models e.g. (Beccali et al., 2003;sHaret al., 2005; Sander and
Kardum, 2009) are available in literature for siatilg various categories of
adsorbent and drying systems, each consideredlatin. Although both processes
are reasonably understood, very few models ardadlaithat show systematically the
interactions between them and how system energgiesf€y is affected. Those
available are either too complex for fast onlinéroation as in the case of the CFD
formulation proposed by Djaeni et al. (2008) okldlte necessary level of detail for

10
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reliable optimization. In the latter case, simplifly assumptions infeasible in actual
operational situations are usually made. For irtsarero moisture content of sorbent
at adsorber inlet and saturation at outlet withmurisidering sorption equilibria and
kinetics, 90% moisture removal from air at adsard@®o relative humidity of air at
dryer exit are assumed in Djaeni et al. (2007ajs Timits the freedom of the system
to respond to changes in free variables. Moregwerduct drying kinetics was not
considered even though this has strong effectsrginglrate and hence efficiency as
well as product heating which ultimately will affequality. A modeling scheme
without these assumptions is required, and is d@eel in this work.

Few studies on performance optimization of adsomptystems are available in
literature with the moisture removal capacity (frdme wet ambient air) as the usual
performance measure (Chung et al.,, 2009; ChunglLaed 2009). More recently,
Antonelis et al. (2010), included regeneration ggpen the objective function, but the
primary purpose was air dehumidification and heaovery was not investigated.
Optimization studies on various kinds of stand-alalryers are also available in
literature. When the adsorption/regeneration angingr systems are linked, the
interactions among them and the effect on produmpgrties make the system more
complex and interesting for investigation. For dgyiof heat-sensitive products,
quality constraints are essential and they havdicatpns on the adsorption system
performance limits. Moreover, the moisture remamagacity for the system is now in
terms of how much water can be removed from theddproduct as opposed to how
much can be removed from the air. Most previoudistuon adsorption drying (Yang
et al., 2000; Ye et al., 2008; Li et al., 2002) éndocused on the effect of different
types of adsorbents on drying kinetics and qualftglifferent products without any
attempt to optimize energy efficiency subject todarct quality. The objective of this
work is to formulate an optimization paradigm foaximizing the energy efficiency
of the overall adsorption drying system taking ictmsideration the quality of the
product in the dryer. To facilitate this, an enemggnsitivity-relevant generalized
model of a zeolite adsorption dryer is developedindque feature of the model is the
unified manner in which the adsorber, regenerator égryer equations are presented
in matrix form. The model which considers the dgyiproperties of specific food
products with pumpkin as a case study (Krokidal et2803) is simple but detailed
enough for reliable optimization. The energy eéfiwy of the system is optimized
subject to temperature and moisture constrainth@mproduct which indicate quality.
Given the optimization results, the sensible anentaheat recovery potentials of the
process exhaust streams are investigated to furtipgove energy efficiency.

2.2. Process Description

The process consists of the dryer, heat sources amblite adsorption/regeneration
system (Fig. 2.1). Ambient air is passed througtealite adsorber bed where it is
dehumidified and then used for drying the wet poddurhe spent zeolite is
regenerated using hot air obtained by passing arhbiethrough a heater.

11
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Yor T,r (H1) Y, T,
o Dehumidified air
© o
il Zeolite 'g
7l loop & | Heater2
20
[0} <
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FaR, szh, 7:zmh Y;R, ];Rin (H2) Y;lA,Tt'ZDI'n
(C1H) D
Ambient air F ot Yonw, Lo Wet product Dry product

Fig. 2.1. Drying system process configuration veittsorber-regenerator subsystem

The zeolite circulates alternately between the dmscand the regenerator. To regain
adsorption capacity after regeneration, the hotliteeds cooled. For practical
implementation, the adsorption-regeneration systemsually fitted as an add-on to
the dryer. For continuous operation, available igamétions include rotary wheels
with adsorption, regeneration and purge sectionarglit et al., 2005) and twin
column system with alternate switching between rmolsi for adsorption-regeneration
operations (Djaeni et al., 2009a). Rotary wheelgehbhetter dynamic operability
properties than switchable twin-column systemswaitcking transients are avoided
unlike switched columns which are not purely combns. This work adopts a
continuous adsorption-regeneration system realizgda rotary wheel where the
zeolite mass flowrate is manipulated by the whbrlknhess and angular speed. The
developed model is also applicable to twin colunystems if the flowrate is
expressed in terms of zeolite mass hold-up in thenen and switching time.

2.3. Model formulation

The model is formulated on the following assumpgion

« Each system component is approximated by a lumpezhpeter model

* Thermodynamic properties of the solid and fluid ggsare constant

* Heat losses are neglected

* Heat of sorption of the zeolite system is constant

e Thin layer drying is assumed so the drying proassgoverned by first-order
kinetics

* At steady-state, the temperatures of the soliddigeband zeolite) and air phases
are equal.

12
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2.3.1Mathematical model

The drying, adsorption and regeneration processesigilar. In drying, the product
loses moisture which is picked up by the drying liradsorption, the air is dried and
the adsorbent picks up the moisture while in regeion, the adsorbent is dried. It is
thus convenient to represent common state, inleialas and constants in 3-
dimensional vectors (bold face terms) in the foBrnyer Adsorber Regenerator] so

[ Xs Xp Xaa Xar
Ya _ Yao  Yaa  Yar (2.3)
Ta To Taa Tar
T [T Ta T
[ Xan | [Xpn  Xzan  Xzrin |
Yain Yaoin ~ Yaain  YaRin
Tain Taoin  Taan  Tarin
Ta | | Ton Town  Tear 9
Fa Fo Faa  Far
| Fs | | Fop F. F. |
Chs Cow Cpz Cp:
Ps |_| Pp Pz P (2.5)
Vs Vo Vi Vi
Va Vao  Vaa  Var
[k ko ki Kk
Xe|=| X pe Xzen Xzer (2-6)
h ho  ha  hg

The unified mass and energy balances governinglyhamic behavior of the dryer,
adsorber and regenerator subsystems (where afliatigi and products are element-
wise) are thus given by

dYa F. kpsvs

=——an —Ya - s~ Ne 2.7
" (Yan = Ya) + o, (Xs = Xe) (2.7)
dXs Fs

= sn — ANs)™T s~ Ne 2.8
& e (Xan = Xs) = k(Xs = Xe) (2.8)

Ca"'YainCv ain C a+Yan a

dTa Fa ( p p )T ( p p )T

+(Yain = Ya )(AH, + aH ags) (2.9)

dt paVa (Cpa +Yanv) - th (Ta _Ts) - paVa (Cpa + vaTa)dYa/dt
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(Cps + XsinCpW)TSm - (Cps + XstW)TS
+ BHaas(Xs = Xn) (2.10)
+hV(Ta = Ts) = pVs(Cos + CpuTs)dXs/dlt

dTs _ Fs

dt psVs (C ps T XSCPW)

Vectorsa andg in (2.9) and (2.10) are “selection” vectors thaalkify adsorption heat
release/absorption. Here, qualifies adsorption heat release/absorption m dir
phase, angt qualifies adsorption heat release/absorption e gblid phase. In the
adsorber, the adsorption heat is released diréctihe adsorbent alone makiph
unity only in the adsorber. The heat is then cotively transferred to the air phase.
In the regenerator, the air directly loses the gutgan heat (endothermic reaction)
thus makinge unity only in the regenerator. At the same tine &ir loses heat by
convection to the zeolite. Adsorption heat release absorption are insignificant in
the dryer and saz andg are zero in the dryer. In the light of the foregpiae andp
are expressed as

«=[0 0 1 (2.11)

B=[0 1 0 (212)

2.3.2.Constitutive Relations

For the zeolite system, a set of 2-dimensionaloreas defined
Ta Tan  Tar
= 13)
az Yan  Yar

The kinetic and equilibrium relations (van Boxteké, 2012) are determined as

kz = [sz sz] = kO eXd— EO/ R-I-az) (2.14)
— _ szaxbpv
Xze - [XzeA XzeR] - 1+ bPV (215)
b=[ba bR]=boex;{_ Elj (2.16)
RTa
where the vapour pressure of the air is
YazP aim (2.17)

' 0.62198+Y,,
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The drying behavior of pumpkin (Krokida et al., 3)0s used in evaluating the
performance of the proposed system. The equilibnmaisture content and drying
rate constant are respectively given by

X6 =5x10 exp(3796.777/Ta)(aW/(1— aW)12848) (2.18)

0

k =177d,**Tap "0 *°RH (2.19)

2.3.3Coupling Equations

Based on the configuration of Fig. 2.1, the follogiare the process coupling
equations

[TaDin YaDin]:[TaA YaA] (220)

(2.21)

TaAin YaAin XzAin _ Tamb Yamb XZR
TzRin YaRin XzRin TZA Yamb XzA

2.34 Forcing Signals and State Space Representation

The external variables that affect the system ¥ollsom Fig. 2.1 and can be
categorized in external inputisand control inputsi defined as

d=[Tamw Yoo Xpn Ton Fol (2.22)
u=[Faa Far Fo Tarin Toan]' (2.23)
The system states (from (2.7) to (2.10)) are

Xx=[Xp X X Yoo Y Yor Tao Taa Tar Tp Toa Tirf (2.24)

With these definitions, the system can be represketdncisely in state space form as

dx

o f (x,u,d,p) 23)

wheref is a vector valued function that follows from (2-3(2.24), ang is a set of
parameters as defined in Table Al, Appendix A.
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2.3.5Steady State Model Solution

By setting the time derivatives to zero, the stesidyes are derived as

1
Xs = Xe+ ———(Xan = X 2.26
1+kpsVS/FS( ) (2.26)
Fs
Ya == (Xs = Xe) + Yan (2.27)
FaA
T. = FaA[(Cpa +Yainva)Tain + (AHV + (a +ﬂ)Hads)(Yain _Ya)] + FS[(Cps + XSinCpW)Tsin] (228)
a FaA(Cpa +Yanv)+ FS(Cps + XSpr)
T.=Ta 29

2.4. Model validity

Simulations using the model and results presenteSeiction 2.7 indicate that mass
and energy balances are satisfied and efficierob&sined for optimized conventional
dryers are in the typical range of 20-60% as olethim practice (Mujumdar, 2007a).
All constitutive equations are based on experinibntalidated mathematical models
(Krokida et al., 2003; van Boxtel et al., 2012).eTdiryer model for instance is made
up of equipment heat and mass balances in conpumatiith well-established
psychrometric relations and experimentally validajgoduct drying kinetic and
equilibria models (Krokida et al., 2003). To funthdemonstrate the validity of the
adsorber-regenerator system model, the model wagdatied using experimental data
for a twin column system (Djaeni et al., 2009a).tlhis system, the approximate
steady-state operating conditions include: drying flowrate F,,=10Z%g/h and
regeneration air flowratE;z=10%g/h For a twin column system with hold-up mass
2.5g per column (i.e. kg total) and switching time of 60 minutes, the ealewnt
zeolite flowrate is E=5kg/h The corresponding inlet conditions are adsorber a
humidity 0.00%g/kg adsorber air temperature, 28°C and regenerationnket
humidity, 130°C (Djaeni et al., 2009a). Table 2dmpares the experimental and
model results for the output variables. All devoas are found to be within 5% which
shows good agreement.

Table 2.1. Comparison of model results with puldiskexperimental data

Output Experimental Model
Adsorber outlet air moisture contekg/kg 0.002 0.0021
Adsorber outlet air temperatut€ 54 52.1
Regenerator outlet air temperatde 108 106
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2.5. Optimization problem formulation

The instantaneous energy rate associated withetheved water is given by
Qevap: I:p(xpin - Xp)AHv (230)

Energy is only used for regeneration (assumingtswrgheat is sufficient to take the
drying air to desired low temperature). Hence,itis¢antaneous input energy rate is

Qn = FaR(Cpa +YaRinva)(TaRin _Tamb) (231)

For steady-state optimization (see Fig. 2.1), #ssumed that of the 10 free inpis,
Tamb Yamb Tpin, Xpin @re fixed. Of the remaining Sain is chosen to be equal to
ambient temperature for which the cooler is appately rated. The remaining
variablesFaa, Fz Far Tarin CAn be chosen as optimization variables. For angiv
product flow, an optimal drying air flowrate is gged. Conversely, for a given
drying air flow, an optimal flow of zeolite is reged, and for this, an optimal flow of
regeneration air is needed. Hence, operationayjdesiriablesy, r1, r, are defined as:

Fon = IoF, (2.32)
Fz = rlFa/.\ (233)
FaR =TI Fz (234)

The ratiosrg, r; andr; are chosen as optimization variables in additiohatg. Hence,
the optimization problem is formulated as

Maximize

no = Qevap - FP(Xpin - XP)AHV (2.35)
Qn Far (Cpa + YaRinva)(TaRin _Tamb)

where

U= [ro n r TaRin] (2.36)

subject to (2.3 — 2.34), and the constraints

Product final moisture contenX, = 005 (2.37)

Product maximum temperature T, <50 (2.38)

Regeneration temperature constraintTaginmin < Tarin < 400 (2.39)

17



Chapter 2

The optimization problem is implemented in TOMLAB®ptimization software with
MATLAB interface using the “KNITRO” solver—based tamior-point method
(Holmstrom et al., 2009). The method uses an itexatonjugate gradient approach to
compute each optimization step.

2.6. Energy recovery

To fully exploit the energy saving possibilities thie adsorption drying system, heat
recovery is essential after efficiency optimizatidhinch analysis is a targeting
procedure that indicates the maximum energy readerfrom a given process. The
studied drying system has two main “hot streants®,regenerator outlet air (H1) and
zeolite (H2) and one “cold stream”, the ambienttaithe regenerator (C1) (see Fig.
2.1). Kemp (2005) shows a tabular method of det@ngithe pinch in which the cold
stream temperatures are shifted upwards by oneha&f minimum exchanger
temperature differencdTn,, while those of the hot streams are reduced bysdmee
value (Table 2.2). Sensible heat excha@ggson each shifted temperature interxal

is then calculated by equation (2.40) whEf@,, andFC,. are respectively the total
heat capacity rates of the hot and cold streams. SEime approach is used in this
work but the feasibility of latent heat recoverynsw included. Latent heat recovery
(2.41) in each interval is proportional to the amioof water condensed in cases
where the hot regeneration air cools below its gemt Tgpir

Quend i) = (3 FCou (1) - 3" FCoc(a))S(i) - S2+i)) (2.40)
Qat (A1) = FurAH, (Yar(Tapir) = Yar(Thou) (2.41)
2.7. Results and discussion

2.7.1. Process optimization results and discussion

The drying process optimization (without heat remrgy was performed at different
starting points and bounds on the decision varg@abléde results are found to be
independent of the starting points, suggestingettae no local minima. Of all the
decision variable bounds, the maximum energy efficy corresponds only to the
upper bound on regeneration air inlet temperatlings upper bound is set at 4@
which is the maximum allowable beyond which theliteaeforms (van Boxtel et al.,
2012), so kinetic and equilibria relations presdmte longer hold. Fig. 2.2(a), (b), (c)
& (d) show the variation of the optimization deoisivariables with the upper bound
on regeneration air inlet temperature. It is seefig. 2.3, that contrary to intuition,
maximum efficiency is always achieved at this upgpaund. This is attributable to the
fact that at higher regeneration temperatures attsorber inlet zeolite has a higher
adsorption capacity (after cooling) and thus, sti@rhance reduction in the humidity
of the drying air, and hence increase drying cdpakiowever, since the drying
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Table 2.2. Determination of shifted stream tempees & associated heat capacity rates
Stream type  Supply temperature Target temperaturé

Hl TaR amb
H2 TZR TzAin = Tamb
Cl Tamb TaRin
Stream type Shifted supply Shifted target temperatu&
Temperaturés
H1 T,.—05AT T,..,— 05AT
H2 T,.—05AT T,.,— OBAT
Cz Tamb + O'SATmin TaRin - O'SATmin
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Fig. 2.2. Variation of optimal decision variableghwregeneration air inlet temperature
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Fig. 2.3. Input energy and thermal efficiency vaoia with regeneration air inlet temperature
capacity of the dryer is constrained to be cons{aee (2.35) and (2.37)), two

scenarios present themselves. First, for constantite flow as occurs between
regeneration temperatures 200 to about 300°C (ge@ 2b), the regeneration air
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flow needed for optimal regeneration reduces (Eigc). Conversely, the zeolite flow
required for this drying capacity is reduced whdre tregeneration air inlet
temperature is between 300 and 400°C (Fig. 2.2bp Tesult of these system
interactions is that the produ€irTarin in the cost function reduces progressively.

2.7.2. Energy efficiency analysis (without heabreary)

For drying of pumpkin from a water content ofkfjtkgto 0.0%g/kg representing an
evaporative energy Ioa@evap=8.995x16kJ/h the energy consumption reduces from
1.88x16kJ/hfor U=[1632 0.1 1.793 200] to 1.4x3/hfor U=[1476 0.0775 0.9024
400]. This represents an efficiency rise from 4&8/64% (Fig. 2.3b) — a significant
improvement over previous results (Djaeni et aDQ7a) where an equivalent one-
stage adsorption dryer without heat recovery remih efficiency of 48.6%. System
operating conditions at regeneration air inlet terafureT,r;=400°C are shown in
Table 2.3 with stream numberings as designatedgnZ4. The system performance
indicators as returned by the optimization andglesariables are as shown in Table
2.4. Regenerating the zeolite at the maximum ptessdmperature is seen to be
desirable but on the condition that the regenamadio flowrate is sufficiently low.
This way, high temperature energy is concentratedow volumes of air, thus
reducing the energy spent on regeneration while nby means reducing the
regeneration effectiveness and hence, drying cgpaxfi the dehumidified air.
Another important issue is that the high tempemtwat contents of the zeolite and
air from the regenerator creates opportunitieshiat recovery which could further
increase energy efficiency.

Table 2.3. Optimized adsorption drying processastreariables

Stream Flow Humidity Temperature Stream Flow Humidity Temperature
kg/h kg/kg °C kg/h Kg/h °C
1 5.3x10 0.01 25 6 4.1152xI0 0.0868 25
2 5.3x10 0.0038 49 7 4.1152x10 0.1664 49
3 5.3x1d 0.0106 32 8 3.7134xi0 0.01 25
4 36 10 25 9 3.7134x10 0.01 400
5 36 0.05 49 10 3.7134x10 0.0982 170
6 4.1152x16  0.0868 170
Table 2.4. Process design and performance variables

Mass Hold up (product) 109

Fresh product rate 4R6/h

Evaporative load (dryer) 3k8/h

Evaporative energy equivalent 0.8995%k0/h

Dehumidification/Regeneration rate 383kg/h

Latent heat equivalent 0.8205X1/h

Sensible heat equivalent (due to sorption heat) 5xILG kJ/h

Regeneration energy load 1.42%%0/h

Sorption wheel i face area, Orf thickness (Harshe et al., 2005),
25rev/h, area ratio 4:1

Dryer size Volume=51, length=5n, width =Im, height = In
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Fig. 2.4. Adsorption drying system with procesgatn numbering
2.7.3 Process and heat recovery interactions

Pinch analysis results (Fig. 2.5) show two optitmsecover heat while keeping the
dried product at low temperature. The regeneratiet air is pre-heated using either
the regenerator exhaust air or the hot zeolite bafthwhich are at the same
temperature level. Consider a heat recovery systéim one heat exchanger, two
scenarios are possible

1. Where the hot stream is the heat transfer limisingam, the cold stream heats
up toATmin less than the hot stream inlet temperature. Timpeeature of the
cold stream outlet becom&gs,u=Thin- 4 Tmin

2. Where the cold stream is the heat transfer limistigam, the hot stream cools
down to4Tminmore than the cold stream inlet temperature. Timpégature of
the hot stream outlet becomBg,=Tcint 4Tmin

In both cases, fdfn=F the heat recovered becomes

Qe = Fe(Teout = Teim) = Fo(Tuin = Thout) = Fin (Toin = Tein = ATrin) (2.42)
For ambient air pre-heated by regeneration exraugte heat recovered is

Qec = Far(Tor = Tamo = ATinin) (2.43)

Taris directly proportional t@,rin and so, comparing with results of Section 2.74, w
see that while an increase MrTarin reduces the efficiency of the process itself, it
also increases the magnitude of heat recoveredhamck, overall efficiency (see Fig.
2.6(a) & (b)). These conflicting forces explairetbxistence of extrema in overall
input energy (Fig. 2.6(c) & hence, energy efficier(d)). However, there is no
significant difference between overall efficiencyt alifferent regeneration
temperatures. With heat recovery, the overall ifficy is about 95% which
corresponds to an energy consumption of about @@K¥’h The results of Fig. 2.6
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are determined forTnir=10°C. Maximum temperature regeneration is best in the
absence of heat recovery but this comes at a pfia@ore expensive and robust
heaters. However, gas and oil-fired heaters operatp to 400C are commercially
available. Moreover, with high temperatures and lBaws, equipment size is
reduced. When heat recovery is incorporated, tieere need to regenerate at the
highest temperatures as the overall energy effigign not significantly different.
Overall economics should be the guiding principleactual implementation. Heat
recovery economics is based on trade-offs betweerased capital costs which are
proportional to heat exchange area and runningscdbe reduction of which is
proportional to the amount of heat recovered. Byip#atingA T, at values of 5, 8,
10, 15 and 2TC, different possibilities arise as shown in Fig. dor an overall heat

. 40C ‘ ‘ ,
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Fig. 2.5. Pinch analysis results showing compdsiteand cold streams as well as different match
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Fig. 2. 6. Heat recoveries and overall energy iefficy at different regeneration air inlet temperasu
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transfer coefficient of 200/nfK, Langrish, 1998). At lower values @fTy, more
heat is recovered (Fig. 2.7(a)), largely due terlaheat recovery since the hot stream
outlet temperatures in some cases become lesglévespoint as seen in Fig. 2.7(b).
This improvement however comes at the expense of exchange area (Fig. 2.7(c)).
Although less heat is recovered as regeneratiofmnigt temperature increases, the
temperature level to which the cold stream risesotves higher due to reduced
regeneration air flowrate (Fig. 2.7(d)). E6Fmir=5, 8 & 10C throughout the studied
temperature range of the regeneration air inleptature, the pinch occurs at the hot
stream inlet (regenerator outlet air) as indicdigadthe parallelism between the hot
stream inlet and the cold stream outlet (constdpy, in this region, see Fig. 2.7(d)).

At higher regeneration temperatures (correspontbnigwer regeneration air flows)
for ATmin=15 & 20°C, the situation is the same. Howeverthat lower end of the
regeneration temperature range (correspondingdioehiregeneration air flows), the
cold stream inlet (ambient air to the regeneradd@gjomes the heat exchange limiting
stream as the hot stream outlets from the heatagger tend to become parallel to
the cold stream inlet as seen in Fig. 2.7(b). Theree situation suggests there is
considerable interaction between the adsorptiomdrgrocess and the heat recovery
system. Fig. 2.8 shows the overall process flowshe#uding heat recovery. The
properties of streams 1 — 10 are identical to tleddbe original system (Fig. 2.4) as
shown in Table 2.3. Stream 11 is the cold streatieibat 160C while stream 12 is
the hot stream outlet at 54°C. the cold streant edeseen in Fig. 2.7(b). The entire
situation suggests there is considerable intenadbetween the adsorption drying
process and the heat recovery system. Fig. 2.9 shiogvoverall process flowsheet
including heat recovery. The properties of stredms10 are identical to those of the
original system (Fig. 2.4) as shown in Table 2t8e&n 11 is the cold stream outlet at
160°C while stream 12 is the hot stream outlet at 540Cf¢r ATpnin=10°C).

2.7.4. Performance comparison with conventional systems

For a conventional convective dryer (Fig. 2.9) agpieg at the same temperature but
without dehumidification, the potential for watgotake by the air is less than that of
the dehumidified air from the adsorber of the aggon dryer. Thus, to meet the same
drying duty (evaporative load), the conventiongledrrequires more air for the same
product flow (as can be seen by comparing flowrafegream 1 in Tables 2.3 & 2.5).
More energy is therefore needed to heat this aineéaequired temperature. Also, the
benefit of adsorption heat release does not adortlas process. The overall effect is
that the conventional dryer for the same evapogdtiad consumes 1.73Xk0/h as
against the 1.4xfRJ/hfor the optimal adsorption dryer. The operatingditons as
presented in Table 2.5 also show an exhaust armst(eo. 3) at a low temperature of
36°C. This low temperature level makes it impossitd recover the sensible heat
because, for a minimum exchanger approéth=10°C, the ambient air can only be
heated to a maximum of 26°C (1°C temperature irs&eavhich is insignificant.
Moreover, at a dew-point of 20 which is lower than ambient temperature, latent
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heat cannot be recovered without heat pumps wlsehexpensive electrical energy.
The optimal adsorption dryer however consumes D%dih without heat recovery
and 0.9x18kJ/h after heat recovery representing respectivelyual20% and 45%
reduction in energy consumption for the same dridagl.

Comparing mathematically, for an adsorption dryeig.(2. 1), the drying capacity
Faa(Yap-Yaa)=Faa(Yami Yaa) tFaa(Yap-Yamy, Where the first term on the RHS of the
equation is the moisture removal capacity of theodoer and the second term, the
drying capacity of the stand-alone dryer. Thusth@smoisture removal capacity of
the adsorber increases (smaller valueYg)), so does the numerator of the energy
efficiency equation (2.35). But then, more energguld have to be spent on
regeneration. Moreover, increased dehumidificateads to higher adsorption heat
release which should be constrained to preservityyparameters. The constrained
optimization problem presented in this work helpsolving these problems.
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Fig. 2.8. Process flowsheet showing heat recovery beat exchanger
Table 2.5. Stream properties for conventional dryer
Stream Flowrate kg/h Humidity kg/kg Temperatureoc
1 7.08x10 0.010 25
2 7.08x10 0.010 49
3 7.08x10 0.0151 36
4 36 10 25
5 36 0.05 36
1 2 3
RUTEINN ocic S orv BN
4 5 77
Wet product Dry product

Fig. 2.9. Conventional dryer operating at the séengperature as optimized adsorption dryer

2.8. Conclusions

Previous studies showed the potential of adsorptigrers to increase the energy
efficiency in low temperature drying based on gehd&nowledge of the system
without specific adsorbent, product characteristiogl system optimization. In this
work a generalized model of an adsorption dryer hasn developed with the
adsorption, regeneration and drying sub-procedsesrsto be governed by similar
equations. The system has been optimized for eneffggiency subject to quality

represented as constraints on product temperatgrenaisture. In the studied case of
pumpkin drying at about 50°C, the optimal adsorpttyyer without heat recovery
reduces energy consumption by about 20% compareddonventional dryer. The

optimization results show that regenerating atrtteaximum possible temperature is
desirable but on the condition that the regenematio flowrate is sufficiently low.
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This way, high temperature energy is concentratedow volumes of air, thus

reducing the regeneration energy while by no meaukicing the regeneration
effectiveness and hence, drying capacity of theuohétified air. The high mass

transfer effects of high temperatures are utilirzethe regenerator while isolating the
heat-sensitive dried product from the quality ddgrg effect. By preheating the

regenerator inlet air using the exhausts, energguwoption is reduced by up to 45%
compared to the conventional dryer. For minimumhexger temperature differences
less than 10°C, latent heat is recoverable leatdimgcreased efficiencies but required
exchanger area gets very high. Strong interactimig/een process conditions and
heat recovery system are observed from the anabfsection 2.7.3. This suggests
further improvement might be possible by simultarseoptimization of the process
and the heat recovery system. This is a subjedufare work.

In general, the optimization results show that f@r given dryer size, the

dehumidification capacity of the adsorber must kg kenough to meet the drying
requirements of the product without violating temgtere constraints in spite of
adsorption heat release. The dehumidification nalsd be low enough to limit

regeneration energy expenditure. Low regenerat@ngges can be realized with high
temperatures and low flows. Sensible and latent lee@very improve efficiency but

the extent to which this is implemented must beebasn trade-offs between

increased capital costs which are proportional @athexchange area and running
costs, the reduction of which is proportional te #mount of heat recovered.
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Improving adsorption dryer energy efficiency by
simultaneous optimization and heat integration

Published as Atuonwu, J.C., Straten, G. van., DeveH.C. van., Boxtel, A.J.B. van
(2011). Improving adsorption dryer energy efficigriy simultaneous optimization
and heat integratiomrying Technology9(12), 1459-1471.

Abstract

Conventionally, energy saving techniques in dryteghnology are sequential in
nature. First, the dryer is optimized without heatovery, and then, based on
obtained process conditions, heat recovery poggabilare explored. This work
presents a methodology for energy efficient adsamptryer design that considers
sensible and latent heat recovery as an integralgpalrying system design. A one-
step pinch-based optimization problem is formulateddetermine the operating
conditions for optimal energy performance of suahir@egrated system subject to
product quality. Since the inlet and target streamoperties of the heat recovery
network are determined by the adsorption dryingddamms, they are unknowa
priori and thus, determined simultaneously within the al@ptimization using the
pinch location method. Energy balances are wridbove and below the various
pinch point possibilities and the optimal pinch rgois that which minimizes the
amount of external heating utility required whileatisfying drying and
thermodynamic constraints. Results on a singleestagolite adsorption drying
process with simultaneous heat recovery optiminasibow a 15% improvement in
efficiency (13% reduction in energy consumptionmpared to a sequentially
optimized system. The improvement is traceable lterations in enthalpy related
variables like temperatures and flowrates. The rdmancy in optimal operating
conditions between the sequential and simultaneases underscores the need to
change system operating conditions when retrofjtfor heat recovery as previous
optimal conditions are sub-optimal when heat reppigintroduced. Also, compared
to a conventional dryer (without an adsorption ps®) operating under similar
conditions, energy consumption is reduced by abbut.

Keywords adsorption drying, energy efficiency, heat reegyesimultaneous
optimization, pinch location

3.1. Introduction

Drying accounts for as much as 15% of industri@rgy consumption (Kemp, 2005)
and so, contributes significantly to industrial mg@g costs and environmental
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impact. Conventional convective dryers have lowrgneefficiencies particularly at
low drying temperatures suitable for heat sensitp®ducts like foods and
pharmaceuticals. Consequently, the developmennefgy efficient drying systems
particularly at low drying temperatures becomesartamt. Thermal efficiency, the
most important index of dryer energy performanesegefined (Kudra, 2004) as the
ratio of the latent heat of evaporatiQa,.p of the water removed from the product to
the total energy input of the dryer,Q

:M 31
n o (3.1)

To increase the capacity of the air to evaporateemfeom the product at low drying
temperatures and hen@g,ap zeolite adsorption drying has been proposed.eidjat
al., 2007a; Atuonwu et al., 2010a; Hauer, 2011;ebjeet al., 2007b; Djaeni et al.,
2008) The main energy input is in adsorbent regeiwer which typically takes place
at high temperatures. This in itself presents ojppaies for beneficial heat
integration as the regenerator exhaust has highggreontent with minimal dusts.
Recently, Atuonwu et al. (2010a) showed by mathemlaprogramming that under
optimized conditions of regeneration temperatumgjng air, regeneration air and
zeolite flows, a one-stage adsorption dryer withoedat recovery consumes 20% less
energy than a conventional dryer for the same m@stévaporation. By recovering
the energies of the exhaust streams of the optinmecess using pinch analysis,
energy consumption is reduced by 45%.

Heat recovery has long been identified (Strumitlale 1995; Krokida and Bisharat,
2004; Laurijssen et al., 2010; Moraitis and Akdisi, 1997; Atkins et al., 2010) as a
means of improving the energy efficiency of dryeAs. most of the heat used in
conventional convective drying appears in the deggdraust air stream (Moraitis and
Akiritidis, 1997), heat recovery for conventionalyers typically entails preheating
the dryer inlet air by the exhaust air using heathangers (Strumillo et al., 1995;
Krokida and Bisharat, 2004; Laurijssen et al., 20M@raitis and Akiritidis, 1997).
Substantial energy savings have been shown byrbeavery from dryer exhaust air
streams. For instance, Krokida and Bisharat (208d9rt that 25% of the exhaust air
energy is recovered using heat exchangers in aglgpplication. The percentage
increases to about 40% using a heat pump, heaaegeh combination. Using a heat
exchanger system complemented by intelligent opticoatrol, up to 30% of the
exhaust air heat could be recovered in a dryingesy$Moraitis and Akiritidis, 1997).
Similarly, Atkins et al. (2010) report energy saysnin the order of 21% in heat
recovery for a spray drying plant. Neverthelesglugirial dryers usually operate
without any provision for heat recovery (MoraitisdaAkiritidis, 1997). One reason
for this is the presence of dust in the dryer eshair as a result of which, heat
exchanger fouling is a major problem (Kaiser et2002).
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For zeolite adsorption dryers however, energy ivered from the regenerator
which is less prone to dust. Furthermore, for lemperature conventional dryers, the
exhaust air temperature is too low (close to antpiehus rendering heat recovery
thermodynamically and economically infeasible (Ataw et al., 2010a). This
limitation is overcome in adsorption dryers sinbe regenerator exhaust contains
high temperature energy. In general, heat recoielgnly considered after energy
auditing on the existing drying process. The commeasoning is that the heat flows
of the dryer streams must first be optimized foergy performance before the
determination of a heat recovery scheme (Kemp, R@¥er heat recovery cases in
literature e.g. (Strumillo et al., 1995; KrokidadaBisharat, 2004; Laurijssen et al.,
2010; Moraitis and Akiritidis, 1997; Tippayawong &t, 2008; Sivill and Ahtilla,
2009; Gong et al., 2011) have thus, always conatatdron already designed dryers.
Hence, current energy saving techniques in dryeahriology can be said to be
largely sequential in nature. From an optimizatisandpoint, this entails first
minimizing the energy input(,) for a given evaporative energy 10a@Qe{.) and
then, maximizing the heat recovereQ.{) based on the values of the process
variables returned by the dryer optimization. Aligh this approach has the
advantage of distributing the computational loaderotwo simpler optimization
problems, it does not give globally optimal solagosince interactions among the
variablesQji,, Qevap and Qrec are not considered. It is known for instance thoat
conventional dryers, energy efficiency is increaseden for a given inlet air
temperature, the exhaust temperature is made aadgssible (Kudra, 2004). What
this also means is that the scope of heat recasegduced. Similarly, Atuonwu et al.
(2010a) showed that for an adsorption dryer, thgmtade of the produdt,rTarin Of
the regeneration air flowW,r and inlet temperatur&;ri, is critical to energy savings.
While an increase ifrarTarin reduces energy efficiency, it at the same timergases
the heat recovery possibilities. The converse $® alue. These results suggest the
possibility of a better optimum when the dryer dvet recovery are simultaneously
optimized for overall energy efficiency. In convenal dryers operating at low
temperatures however, the improvement potentiasiofultaneous optimization is
limited by thermodynamic constraints, because thlg available energy source (the
dryer exhaust air) is at low temperature. In “@ssissystems, e.g., zeolite adsorption
dryers where there are more independent heat sowaod sinks, simultaneous
optimization is expected to yield significant impements in energy performance,
especially as high temperature heat sources ardalaleavia the regenerator. The
improvement potential is expected to increase witbtem complexity (number of
sources and sinks) — e.g. for multistage systems.

Applications of simultaneous optimization (usudiigsed on complex mixed integer
nonlinear programming (MINLP) models) to variousgesses like water allocation,
bio-ethanol process and thermo-chemical hybrid bssnplants, thermally coupled
distillation and reactor/separator systems arelaaiin literature (Dong et al., 2008;
Francesconi et al., 2011; Baliban et al., 2011;ingcet al., 2010; Papalexandri and
Pistikopoulos, 1998) but not in drying. In view tife significant contribution of
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drying to global energy consumption, it becomesartgnt to explore this option for

improved energy efficiency. The aim of this studyto exploit the possibilities of

simultaneous process and heat recovery optimizati@m adsorption drying process
to improve the overall energy efficiency while sfting constraints on product
temperature and moisture content.

In this work, sensible and latent heat recoverycamsidered an integral part of the
adsorption drying process design, while ensurirag pmoduct quality, represented by
temperature constraints is not compromised. Thellsimeous optimization is based
on the pinch point location method Duran and Gr@ssm(1986), modified in this
work to include latent heat recovery possibiliti€&elected process inlet and outlet
streams of unknown temperatures and flowrates rgvats to the heat exchanger
network. Since these properties are unknawpriori, they are calculated within the
overall optimization. After determining the contous variables for which the overall
system is maximally efficient, the ultimate configtion can be implemented in more
than one way as will be shown later. This finaligess achieved heuristically.

3.2. General problem statement

Conventional pinch analysis depends on the avétiabif knowledge on the process
enthalpy variables, namely the flowrates, supplyl darget temperatures. In a
sequentially optimized system e.g. as in Atuonwale(2010a) the process flowrates
and temperatures as returned by the dryer optimaizare then used as inputs for
pinch analysis and optimal heat recovery. In systaot previously optimized (Djaeni
et al., 2007a; Strumillo et al., 1995; Krokida aBdharat, 2004; Laurijssen, et al.,
2010; Moraitis and Akiritidis, 1997; Tippayawong &t, 2008; Sivill and Ahtilla,
2009), the design of heat recovery systems is bEsed on the given process
operating conditions. In a simultaneously optimizggtem however, neither the
target temperatures for which the heat recoveryesyshould be designed, nor the
supply temperatures as determined by the dryinggs® is known. Also, process
stream flowrates which determine the stream hepaaiies are unknowa priori.
These variables must be included as optimizationiste variables unlike in
conventional pinch analysis where the aim is tcewheine which stream matches
would yield the highest heat recovery, given alyeglatbwn flows and temperatures.

The problem addressed in this work is formulated as
Given:

* An adsorption drying process of a given structwsee( Fig. 3.1) with dried
product, adsorbent and air kinetic and equilibriefations.

* A set of possible hot and cold streams from thegss, determined on the basis
of prior process knowledge
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To:

» Determine the operating conditions that will maxaeioverall energy efficiency,
taking into consideration, the heat recovery frone toutlet streams of the
adsorption drying process.

* Ensure that product quality represented by comgran product temperature is
not compromised.

» Design, using heuristic rules, the overall systeselol on optimization results

3.3. Process description

The basic adsorption drying process as shown in 3:igconsists of the dryer, heat
sources and a zeolite adsorption/regenerationmaygtebient air is passed through a
zeolite adsorber bed where it is dehumidified @pss accompanied by sorption heat
release) and then used for drying the wet prodlioe spent zeolite is regenerated
using hot air obtained by passing ambient air thhoa heater. The zeolite circulates
alternately between the adsorber and the regemefiatoregain adsorption capacity
after regeneration, the hot zeolite is cooled. Ppoactical implementation, the
adsorption-regeneration system is usually fittedaasadd-on to the dryer. For
continuous operation, available configurationsudel rotary wheels with adsorption,
regeneration and purge sections (Harshe et al5)2&@d twin column system with
alternate switching between columns for adsorpteeneration operations (Djaeni
et al., 2009a). Rotary wheels have better opetaljiioperties than twin-column
systems as switching transients are avoided. Feofattmmer, the zeolite mass flowrate
is determined by wheel diameter, thickness andlangpeed while for the latter; it is
determined by the zeolite height in the column awitching time. Due to the high
regeneration temperatures usually employed, thenergtor outlet air and zeolite
have high energies available for exchange with mi@te cold streams. The cold
streams include the ambient air to the adsorbertlamémbient air to the regenerator
(both of which could be preheated before passimgutih a Heater).

Atuonwu et al. (2010a) developed a mathematical @hdéscribing the continuous
operation of the adsorption drying system basethass and energy balances around
the individual units. Complete details of the modatluding the modeling
assumptions, constitutive and coupling equatiores arailable in Atuonwu et al.
(2010a) and presented concisely in Appendix B. fiteeluct considered in this work
was pumpkin, to be dried at a maximum temperat@ire08C. From a degree of
freedom analysis (Atuonwu et al. 2010a), key deanisvariables to maximize
adsorption dryer energy efficiency (see Fig. 3.Xp aegeneration air inlet
temperatureTarin ratio ro=F aa/F, of drying air to product flowrates, ratig=F J/Faa

of zeolite to drying air flowrates, and ratig=F ;r/F, of regeneration air to zeolite
flowrates. These variables also determine the tegadcity rates and temperatures of
the process streams. They thus determine the epeogerties of the hot streams as
well as the energy requirements of the cold streams

31



Chapter 3

K’R' 7:’R XIA, 7;:,4
-
1. E
e i
= Zeolite o Dehumidified air
i loop %)
QD -O
[0) <<
o
FaR. Xnnh 7:unh Y;:R 7::Rin
mxd), 7:1[)
Ambient air Ftlxi.Xunh, 7:unI> Wet pI'OdUCt Dry product

Fig. 3.1. Drying system process configuration veittsorber-regenerator subsystem

3.4. Methodology
3.4.1. Simultaneous Heat Integration

The following outputs that are important from trergpective of energy efficiency are
defined. The instantaneous energy rate associatedhe removed water is given by

Qevap: I:p(xpin - Xp)AHv (32)
The outlet air temperature of the adsorber aftgptsmm heat release is high enough

for low temperature drying hence, the instantandote input energy rate for the
process is that required for regeneration

Qn = FaR(Cpa +YaRinva)(TaRin _Tamb) (33)

If part of this energyQyec is recovered using a heat exchanger network (HE)),
the effective heating utility required is

Oh = Qi = Qrec (3.4)

Effective energy efficiency is thus defined as

Nett = Q;“a" = 5 Q(; (3.5)
h in T rec

Heat recovery is achieved by heat exchange betiWetand cold streams. Based on
prior knowledge of the process behavior, the hetashs are:
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» Exhaust air from the regenerator, H1
* Outlet zeolite from the regenerator, H2

The cold streams are:

* Ambient air to the regenerator, C1
* Ambient air to the adsorber, C2

Fig. 3.2 shows the heat recovery streams as desgyima Table 3.1. H1 (stream 11)
enters the HEN and after cooling, exits as stre2mHP enters the HEN from the
regenerator as stream 6’ and after cooling (by lezahange and possibly, utility
cooling), returns to the adsorber as stream 6. |&itpi ambient air, C1 enters the
HEN for preheating as stream 8 and exits as st&aoefore heating (in the Heater)
to the desired temperature as determined by thenizetr, while C2 is ambient air
(stream 0) preheated in the HEN before feedingtis®rber as stream 1.

3.4.2. Pinch Point Optimization
Although the hot and cold streams are known, thactxalues of their energy

properties, i.e., flowrates, heat capacity rates temperatures are unknowarpriori.
Consider the hypothetical temperature-enthalpyrdiag Fig. 3.3). In a sequentially
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5 loop Q Dehumidified air
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4 —> —5
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Fig. 3.2. Drying system process configuration simgwhieat recovery streams (numbered)

Table 3.1. Designation of streams as shown in&:0y.
Stream type  Designation  Stream number

Hot H1 to HEN 11
Hot H1 from HEN 12
Hot H2 to HEN 6’
Hot H2 from HEN 6
Cold C1to HEN 8
Cold C1 from HEN 9
Cold C2to HEN 0
Cold C2 from HEN 1
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Fig. 3.3. Hypothetical temperature-enthalpy diagfajn Sequentially optimized system with fixed
pinch point (b). Simultaneously optimized systenthwiariable edges (see arrows at 1, 2, 3,4) and
pinch point (c). Infeasible option rejected in sltaneous optimizatiorg, andg. are minimum heating
and cooling requirements respectively

optimized system, the stream temperatures (co-atesnof points 1, 2, 3, 4 on the
temperature axis) and the heat capacity rates fwtietermine the slopes of each
portion of the graph) are determined in the firptimization step (drying process
optimization). There thus exists a unique pinchnp@, p (see Fig. 3.3(a)) for a

given dTyin Which can be determined by a straight-forward igpfibn of pinch
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analysis for optimal heat recovery. In simultaneaydimization however, some
temperatures (e.g. co-ordinates of points 3 anard)ree to move (as shown by the
arrows at points 1, 2, 3, 4 and the pinch poinFig. 3.3(b)). In addition, the heat
capacity rates which determine the slope/shapedi eegion are unknown. There is
therefore no unique pinch point, but a set of pipomt candidates. The optimal pinch
point must be determined through optimization, iy by varying the slopes of the
different portions of the graph and the temperatar®rdinates (1, 2, 3 & 4) as seen
in Fig. 3.3(b). Meanwhile, the co-ordinates andp&saof the temperature-enthalpy
diagram interact with the drying process and must duch that the drying
requirements e.g. desired drying capaQtys, are met. In the same vein, the drying
process must create stream properties such th#tehmodynamic constraints on heat
exchange (e.@Tnin) are satisfied.

Pinch point candidates for whiciT,, is negative in some region of the temperature-
enthalpy diagram or for which at least either tieating or cooling requirements are
unrealistic (e.g. as seen in Fig. 3.3(c)) are iifda and hence, rejected by the
optimizer. To reduce the search space of possibEhpoints, it is assumed that the
pinch point occurs at one of the inlet sides of gussible heat exchangers. The
philosophy behind this assumption is that a cotdash can only heat up until it is
limited by the inlet temperature of the hot streaimch is on the other side (for a
counter-current heat exchanger). The converseastale.

Ty +0.5dT
I T —0.5dT,,,
& T.r —0.5dT g

2 T — 05T i
T4 +0.5dT
2T, .+0.5dT,;,
: Tomp —0.50T e

Fig. 3.4. Heat recovery grid wherg p,, ps & p4 are pinch point candidates; & H, hot streams; C
& C,, cold streamsT4rin, Regeneration air inlet temperatufgz, Regeneration air outlet temperature,
T,r regenerator zeolite outlet temperatdig regenerator outlet air dewpoiiitai, adsorber air inlet
temperature andl,.,, ambient air temperature

Table 3.2. Stream properties of adsorption dryiregess

Stream Supply Temp. Target Temp. Flowrate Heat €lgpa
H1 TaR Tamb I:hl = FaR Cphl = Cpa +YaRva
H2 TzR Tamb I:h2 = I:z cph2 = sz + XzRpr
Cl Tamt TaRir I:cl = FaF Cpcl = Cpa + YaRinva
C2 Tamt TaAin I:c2 = FaA Cch = Cpa +Yambva
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The heat recovery network possibilities are represk by the grid diagram of Fig.
3.4 with stream properties as shown in Table 3t fiot streams have their supply
and target temperatures shifted downwards by offetha minimum approach
temperatured Ty, while those of the cold streams are shifted upwdnyl the same
value. The dotted line represents the possibleawsation of the moist air stream (by
cooling below its dew pointyyr) during heat recovery. In this region, potentiaah
exchange is determined as equal to the mass ofturmisondensed in the cooling
process multiplied by the latent heat of evaporatpd, p2, p3 and p4 denote possible
pinch points. pl and p2 are hot stream (H1 anddit®h points respectively with the
corresponding cold stream pinch points locatedeastld Ty, below them on the
temperature axis. p3 and p4 are cold stream (C1CG&)dpinch points respectively
with corresponding hot stream pinch points locaetkastdT,,, above them on the
temperature axis. Above a pinch point, a heat dedfigsts between the hot and cold
process streams. Below the pinch, a heat surplistseBy writing heat balances
above and below each pinch candidate, the minimut@ral heating and cooling
utilities to meet the deficit and surplus respeaincan be established.

Denoting the minimum heating and cooling utilityeds by the subscrifiu andcu,
respectively, and the hot and cold streams by sitsb andc, respectively, the heat

balances above and below the various pinch pogbiare:

Above p1,
Ohu = Fclcpcl(TaRin - dTmin _TaR) (36)
Below p1,

Qeur = I:hlcphl(-raR - potR) + FhZCphZ (TzR - Tamb) - Fclcpcl (TaR - Tamb - dTmin )

~ FezCpca (Tain = Tamb) + FrsAH. (Yar (Tar ) = Yar (Tamo = 050 Trin ) 30
Above p2,

Gz = FuCoa(Tarin + ATrmin = Tur) = FruCora (Tar = Tur) (3.8)
Below p2,

Gouz = FruCona (Tor = Tapw) + FroCona (Tor = Tamb) = FeaCoa (Tor = Tarmb = AT ) (3.9)
= FeoCpo2 (Tanin = Tarmb) + FralH y (Yar (Tar) = Yar (Tamo + 050 Toun )

Above p3,

Oz = FerCpet (Tarin = Tamb) + FeoCpez (Taain = Tamb) = FraCora (Tar = Tepi) (3.10)

= FnoCona (Tor = Tamb = dToin ) = FraAHy (Yar (Tar ) = Yar (Tams + 0.50 T ))
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Below p3,

G = FraAH\ (Yar(Tar) = Yar(Tamn + 050 Toin)) + FrnzConell Tonin (3.11)
Above p4,

Ohut = Ohus (3.12)
Below p4,

Ocwt = Cews (3.13)

If ghe={ Ohus, Ohu2,Ohuz Chugt @Nd Aei={ Aeus, Oeuz, Ocuz Gcuat, the true pinch point candidate
that assures minimum external energy usage undsibfe heat exchange is that

which features the maximum of bagk, andqc, (Duran and Grossmann, 1986). The
maximum values of these minimum utilities ariseshese for any other pinch point
candidate apart from the true pinch point, therénfeasible heat exchange. As a
result, somewhere in the temperature-enthalpy drage.g. as shown in Fig. 3.3(c)),
thermodynamic constraints are violated so that tivgazero or less than realistic
heating and cooling utilities are obtained foreadtept the true pinch point.

Hence, the optimal pinch point simultaneously fi@sshe conditions:

Gh = MaX G, Gz, Ghus, s ) (3.14)
0 = MaX O, Geuz, Geus, Gous) (3.15)

gn andqc are minimum heating and cooling duties respegtigelctual pinch point.
3.4.3. Optimization Problem Formulation
The optimization problem is formulated as,

— Qevap - FP(X pin Xp)AHv
ah Oh

Maximize e (3.16)

subject to process equations, minimum utility adl ves the following product
moisture, temperature and zeolite regeneration ¢éeatypre constraints

Final product moisture conten¥, = 005 (3.17)
Product temperaturg, <50 (3.18)
Zeolite regeneration temperature limitSrinmin < Tarin < 400 (3.19)
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In equation 3.16, it is assumed that no costsrar@lved with the cooling utility. The
optimization problem is implemented in TOMLAB® Omiization software (Tomlab
Optimization Inc., Seattle, WA) with MATLAB interé® using the “KNITRO”
solver—based interior-point method. The method @asegerative conjugate gradient
approach to compute each optimization step.

For comparison, a conventional convective dryen.(R.5) operating at the same
temperature but without dehumidification is alsmgitaneously optimized for heat
recovery. In this approach, the only hot strearthésoutlet air which is used to pre-
heat the cold inlet ambient air stream. The sinmgltais optimization is also based on

the pinch location method with the heat recovergl gs shown in Fig. 3.6. The heat
balances written above and below potential pindhtppp; andpp, are as follows:

Above Po1,
Ohu(p) = FaD(Cpa +Yamt(:pv)(TaDin —Tap + dTmin) (3.20)
Below Pp1,

Oew(p) = Fap (C pa T Ya0C pv)(TaD - potD) + FapAH, (YaD —Yap (Tamb — 0.5dTiin ))

3.21
-Fao (Cpa +YambCPV)(TaDin _Tamb) ( )

Abovepp:,

Ohu2(p) = I:aD(Cpa +Yamk£:pv)(TaDin _Tamb) —Fao (Cpa +YaDva)(TaD — Tamb— dTmin) (3.22)

1 2 3
—_—>
4 5
Wet product Dry product

Fig. 3.5. Conventional dryer operating at the séangperature as optimized adsorption dryer

Top +0.5dT 5
Pou Tl
Ty + 058
H @
4 — T —0.5dT i
Prz
' Ty — 0.5

Fig. 3.6. Simultaneous heat recovery grid for caiemal dryer where g and p,are pinch point
candidatesT,pi, dryer inlet air temperatur@gp, dryer outlet air temperatur@qy,r dryer outlet air dew
point, Tamp ambient air temperature
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Below pp2,

OQcuz(p) = Fao (Cpa +YaDva)(Tamb _potD + dTmin) (3.23)

The optimization problem (3.16) is then solved ur@mditions (3.14) and (3.15).

3.5. Results and discussion
3.5.1. System Optimization

The minimum hot and cold utility demands returngdhe optimizer at each potential
pinch point p indicate that the optimal pinch paiftich satisfies equations (3.14) and
(3.15) is located on pl (the hot stream H1 inl€he pinch temperature is 188°C on
the hot stream side. The minimum heating utilitymded at this point is
Oh=0hu=7.95x16kJ/h while the minimum cooling utility isq=ge.:=2.3x10kJ/h
These correspond to the minimum hot and cold wtitargets featured in the
optimization constraints. For the sequentially mgted system, the pinch occurs at
170°C on the hot stream side with the correspondingmum hot and cold utility
targets as 9.04 xIU/h and 6.4 x1tkJ/h respectively. The process variables
determined by the optimizer for the simultaneoustyimized system are shown in
Table 3.3, compared with corresponding valuesHersequentially optimized system.
The stream numbering is as specified in Fig. 3.&tking observation is the 15%
improvement in energy efficiency for the simultansly optimized system. This
improvement is traceable to the differences indéeision variables, and hence, other
process variables. For a complex system like theewnder study, an explanation for
the differences is non-trivial. A possible explaoat for the differences in the
decision variables and how efficiency is affectedas follows. In the case of
simultaneous optimization, the ambient air to ttsoaber (stream 0, see Table 3.3) is
now preheated from 25 to 29°C (stream 1). Thisltesu a slight increase in adsorber
outlet air temperature (stream 2). The adsorbdebait humidity is lowered thus, for
the same product flowrate; less air flow is neetbegichieve the same evaporation.

The results of the simultaneous optimization atsmasbetter zeolite utilization as the
difference between the adsorber and regeneratditezewisture contents (streams 6
and 7) is higher here. This allows a lower flowrate zeolite to achieve more

dehumidification. For this lower zeolite flowrate Jower flowrate of regeneration air
would be expected at first thought especially as wWould reduce the energy spent
heating it up to the required regeneration tempeeatHowever, a higher regeneration
air flowrate favours heat recovery. Atuonwu et @010a) showed that although
efficiency without heat recovery reduces with regration air flowrate, the quantity

of heat recovered increases with it.
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Table 3.3. Optimal process variables for simultarseand sequential cases compared

Simultaneous: Efficiency, 113% Sequential: Efficie98% with heat recovery
Stream  Flowrate Humidity Temperature  Flowrate Humidity Temperature
(kg/h) (kg/kg) db (°C) (kg/h) (kg/kg) db (°C)

0 5.07x10" 0.01 25 5.310' 0.01 25

1 5.07x10" 0.01 28 5.310' 0.01 25

2 5.07x10" 0.0031 495 5.310° 0.0038 49

3 5.07x10" 0.0101 31.3 5.310° 0.0106 31.8

4 36 10 25 36 10 25

5 36 0.05 31 36 0.05 31

6 2.9x10° 0.0403 185 4.11520° 0.0868 35

6 2.9x10° 0.0403 35 4.115%10° 0.0868 35

7 2.9x10° 0.1611 49 4.115%10° 0.1664 49

8 8.96x10° 0.01 25 3.713410° 0.01 25

9 8.96x10° 0.01 265 3.713410° 0.01 400

10 8.96x10° 0.0492 188 3.713410° 0.0982 170
Energy consumption=7.9%0° kJ/h Energy consumption=9.6840° kJ/h
Specific energy consumption =2219 Specific energy consumption =2524

kJ/kg water evaporated kJ/kg water evaporated

In simultaneous optimization both factors are tak#@o consideration in one step.
The optimizer looks beyond the process alone amikfthe operating conditions for
which both the process and heat recovery are samerdtusly optimized so that overall
efficiency is optimal. Also, with a higher regerntwa air flowrate, the heat capacity
rate is increased which leads to an increasedctahge” to temperature drop (note:
by definition, the higher the heat capacity rate, higher the energy that must be lost
to achieve a temperature reduction of 1°C). Thislars why the temperature drop
across the regenerator (265 to 188°C) is muchthessthe one for the sequential case
(streams 10 and 11). A higher regeneration airebuémperature (188°C as against
170°C for the sequential case, stream 11) means sensible heat is available for
recovery. Finally, a higher regeneration air flow justified because for the
simultaneously optimized system, there is more detiification (ambient air is
dehumidified to 0.0031kg/kg as against 0.0038kgarkthe sequential system). More
regeneration energy is thus needed, but sinceetiEneration air inlet temperature is
reduced, the regeneration flowrate is increased.réhult is that more energy is spent
on regeneration in the simultaneously optimizedesysbut with a much higher heat
recovery so that overall, less energy is spentmFtbe foregoing, simultaneous
process optimization and heat integration is seantail the manipulation of process
stream temperatures, heat capacities, and in th#icyar case of drying,
condensation properties like dew point so that alVeystem energy performance is
optimized within constraints.
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3.5.2. Possible Implementation

Fig. 3.7 shows a possible design implementatiorthef heat recovery within the
simultaneously optimized adsorption drying syst@onditions of streams 1 to 12 are
the same as presented in Table 3.3. Ambient a@a(st O) is preheated by the zeolite
exiting the regenerator from 25 to 29°C. The hatlize (stream 6’ at 185°C) is
cooled in the process to 114.5°C (stream 6”). A¢ same time, the regenerator
exhaust air (stream 11 at 188°C) preheats the amhie (stream 8 at 25°C) to a
temperature of 178°C (stream 9). Stream 11 thusscdown from 188 to 46 °C
(stream 12). Extra heat is then supplied to str@aby the heater to achieve the
required temperature of 265°C (stream 10). Hetenteheat is not recovered. Another
possible implementation of the optimal heat recpver shown in Fig. 3.8. Here,
instead of recovering the sensible heat of theneggor outlet zeolite, the outlet air
from the first heat exchanger HX1 (stream 12) aCA@nd a dew point of 40.5°C) is
cooled down to 38°C (stream 13) using heat exchrad¥&. In so doing, part of its
latent heat is recovered and used in pre-heatm@nfibient air to the adsorber. Any of
these methods can be implemented as there is finctlienergy advantage in giving
priority to either high grade sensible heat recg\{&om the zeolite) or latent heat

12 11
@
j

Zeolite loop

Adsorber

Regenerator

Fig. 3.7. Adsorption drying system showing serssheat recovery through heat exchangers HX1 and

HX2
12 11 7
13 8 .
2 &
= 2
9 o Zeolite 2
0 T loo 2
% P 2
o
1
10 1€ 6 3
B Dryer
4 5

Fig. 3.8. Adsorption drying system showing heathengers with latent heat recovery through HX2
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Fig. 3.9. Composite curve of simultaneously optedizystem

recovery (from the previously cooled regeneratohaesst air). Decisions on the

eventually applied method would be based primamiyan appraisal on which option

is more technically and economically feasible. H® shows a composite curve of
the system, and in general, part of the sensibiklatent heat cannot be recovered
from the adsorption drying process (as shown ircti@ing requirement). This opens

opportunities for energy integration with surrourglilow temperature processes
when considered in relation to other unit operationa process plant.

3.5.3. Performance Comparisons with Conventionate3ys

To further compare the simultaneously and sequbntgptimized systems (under
similar conditions), the drying system without heatovery (Fig. 3.1) is simulated
with the optimal operating conditions returned lydtaneous optimization. An
interesting observation is that without heat recp\an energy efficiency of 41% is
obtained. This is much less than the optimal vabie63% obtained for the
sequentially optimized system (Atuonwu et al.,, 2010Whereas, when heat is
optimally recovered (by simultaneous optimizatidrom this relatively inefficient
system, the overall efficiency becomes 15% highantthat of the initially optimal
system even with heat later recovered. This cledgiynonstrates that when retrofitting
systems for heat recovery, the system has to b&utved” for optimal performance
since initially optimal operating conditions may cbene sub-optimal with the
introduction of heat recovery. Thus, simultaneopBnaization is useful in revamping
existing dryers operating sub-optimally without hiescovery. It provides a means of
determining new optimal conditions when heat recpve eventually considered as
against merely recovering heat based on existigabing conditions (which is sub-
optimal). Slight design modifications (e.g. in pyyerk) may or may not be required
to cater for the new flows and temperatures retlibnethe simultaneous optimizer.

For a simultaneously optimized conventional dryke results as presented in Table
3.4 show an energy consumption of XB#kJ/h for the same evaporative load
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Table 3.4. Optimal stream properties and energyarseonventional dryer

Stream Flowrate (kg/h) Humidity (kg/kg) db Temperat(°C)
1 7.0835x16 0.01 26.25
2 7.0835x16 0.01 49.5
3 7.0835x16 0.0151 36.25
4 36 10 25
5 36 0.05 36

Energy consumption = 1.6430/h
Specific energy consumption = 4578 kJ/kg watepevated

Qeva=8.995 x10°kJ/h. The same result is obtained when the syssesedguentially
optimized. It can therefore be concluded that siamdous optimization does not yield
any benefit for a conventional dryer operatingost temperatures. If however higher
operating temperatures are used (e.g. for matereds sensitive to heat),
simultaneous optimization will exploit the high ege potential of the dryer exhaust
just like for the regenerator exhaust of the adswemarying system. The conventional
dryer requires more air flow for the same produdisture evaporation (compare
flowrates of stream 1 in Tables 3.3 & 3.4). Heroere energy is spent to heat this air
to the required temperature. The benefit of adsmmgdteat release does not accrue to
this process. Moreover, since there is no dehuroadibn, drying capacity is reduced.
Also, the severe thermodynamic limits on the ondathrecovery source (the dryer
exhaust air at 36°C) means that very little heat loa economically recovered. For
instance, for a heat exchanger temperature difteref 10°C, the ambient air of 25°C
is only heated by 1°C. Comparing the results of I8®b3.3 and 3.4, the
simultaneously optimized adsorption dryer is seenetiuce energy consumption by
about 55% compared to the conventional dryer fer ghme evaporative load and
drying temperature.

3.5.4. Sensitivity Analysis Results

Ambient conditions are not constant in practice aedce, it is important to know
how sensitive the optimization results are to ambeondition variations. Figs. 3.10
(a) — (d) show the variation of system energy &fficy with ambient conditions for
the conventional dryer, sequentially optimized apgon dryer (before and after heat
recovery) and the simultaneously optimized adsonpdiryer.

The temperature-humidity combinations chosen arebéginable in the Netherlands.
As ambient temperature increases, ambient absblutedity also tends to increase,
so that of all patterns shown in Fig. 3.10 the calesg the diagonal are the most
likely to occur. For the conventional low temperaturyer (Fig. 3.10 (a)), the

efficiency drops substantially with decreasing anbitemperature since the heat
required to raise the drying air to the requireglirdy temperature rises as ambient
temperature falls. Also, as air humidity falls,i@fncy tends to rise since the drying
capacity of the air increases. However, the higifieciency values in the top right
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(b). a sequentially optimized adsorption dryer befoeat recovery (c). a sequentially optimized
adsorption dryer after heat recovery (d). a sinmdtausly optimized adsorption dryer
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corner in the graph are not feasible as such arnbiemperature-humidity
combinations are very unlikely in practice.

For the adsorption dryers (Figs. 3.10 (b) — (d))wéeer, the adsorption
dehumidification system proves to regulate ambieniperature changes since as
temperatures fall, adsorption capacity rises (doe the normal adsorption
characteristics of the zeolite). The result is thatdriving force for dehumidification
rises, thus increasing the capacity of the airrfo @his increased dehumidification is
also accompanied by the release of more adsorpgan, further increasing the air
drying capacity. Also, there is humidity regulatisince a higher ambient air humidity
leads to increased driving forces for adsorption &wence, dehumidification. In
addition, regenerating at high temperatures mdam&nergy input of the regenerator
is less sensitive to ambient temperature variationkke for conventional dryers
where the drying temperature is in the same orfienagnitude as the ambient. The
resultant effect of the afore-mentioned phenomenthat the energy efficiencies of
the adsorption dryers are less sensitive to ambianations when compared with
conventional dryers.

3.6. Conclusion

Conventionally, heat recovery is only consideretbraénergy auditing on existing
drying process conditions. In this work, heat in&ign is considered an integral part
of adsorption dryer design and the system simuttaslg optimized for energy

efficiency within drying constraints. Compared thetresults of a sequentially
optimized system where operating conditions aresrdehed in advance of heat
recovery, a 15% improvement in energy efficiency8%l reduction in energy

consumption) has been observed. Energy consumpmiaeduced by about 55%
compared to a simultaneously optimized conventiaulvective dryer operating

under similar conditions. Depending on local ecoiononditions, this significant

drop in energy consumption should justify the exirevestment costs. The

performance improvement is traceable to alteratiorenthalpy related variables like
temperatures and flowrates. The discrepancy inm@gtoperating conditions between
the sequential and simultaneous cases underscheesnded to change system
operating conditions when retrofitting for heat aeery as previous optimal

conditions become sub-optimal when heat recovemytisduced. Thus, simultaneous
optimization is useful in revamping existing dryegserating sub-optimally without

heat recovery. It provides a means of determiniely optimal conditions when heat
recovery is eventually considered as against meeglgvering heat based on existing
operating conditions (which is sub-optimal).

Simultaneous optimization is seen to entail the imaation of process stream
temperatures, heat capacity rates, condensati@dbaoperties like dew point to
optimize the energy performance of the system stingi of the main process, and its
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associated heat exchanger network. The manner ichwhe optimizer achieves this
is process-specific. For an adsorption dryer, th#nozer basically manipulates the
adsorber and regenerator inlet and outlet adsodoehiair temperatures as well their
flowrates in such a way that energy efficiency iaximized. In spite of the heat
recovery, a significant part of the hot stream giesr cannot be recovered. When
drying is considered in the context of the ovepaticess plant, the adsorption drying
process can serve as a source of energy to suingutal temperature processes.
Moreover, adopting the simultaneous optimizatioprapch to the overall plant at the
process design phase will reduce overall energguwoption.
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A mixed integer formulation for energy efficient mutistage
adsorption dryer design

Published as Atuonwu, J.C., Straten, G. van., DeveH.C. van., Boxtel, A.J.B. van
(2012). A mixed integer formulation for energy eiint multistage adsorption dryer
design.Drying Technology0(8), 873-883.

Abstract

This work presents a mixed integer nonlinear pnognang (MINLP) formulation for
the design of energy efficient multistage adsorptdryers within constraints on
product temperature and moisture content. Aparhfaptimizing temperatures and
flows, the aim is to select the most efficient abbsat per stage and product to air
flow configuration. Superstructure models consgtod commonly used adsorbents:
zeolite, alumina and silica-gel are developed aptnozed for a two-stage low
temperature adsorption drying system. Results ghaithe optimal configuration is
a hybrid system with zeolite as the first-stageodasnt and silica-gel as the second-
stage adsorbent in counter-current flow betweermndrgir and product. A specific
energy consumption of 2,275kJ/kg is achieved whettuces to 1,730kJ/kg with heat
recovery by a heat exchanger. Compared to a caowvahttwo-stage dryer at the
same drying temperature, this represents a 59%tiedun energy consumption. The
optimal system ensures the exhaust air temperaftutke first-stage regenerator is
high enough to regenerate the second-stage ads@tem utility energy is spent in
the second stage. A higher second-stage adsorbleeélvspeed favours energy
performance as it becomes optimized for energyvegowhile the first is optimized
for dehumidification. Although this work considetfsree candidate adsorbents in a
two-stage system, the same reasoning can be applsdtems with more stages and
adsorbents. The developed superstructure optiraizatiethodology can by extension
be applied to optimize multistage hybrid dryingteyss in general for any objective.

Keywords Dryer energy optimization, mixed integer nonlineprogramming,
multistage dryers, adsorption drying, hybrid dry@educt quality

4.1. Introduction

Drying is an important unit operation applied iw@e range of process industries. It
is an energy intensive process that accounts fonwsh as 15% of industrial energy
consumption (Kemp, 2005) and thus, a major contmibid greenhouse gas emissions
and the associated negative environmental impd&akef, 2005).For convective

47



Chapter 4

dryers which constitute over 85% of all industréayers (Mujumdar, 2007a), the
energy-related operating costs amount to abouttfimes the capital costs (Baker,
2005). In addition, the heat treatment associatiéid dvying tends to degrade quality
and hence, market value of products. In heat-seatoducts specifically, drying is
characterized by a wide variety of irreversible sibghemical and biological
degradation reactions as well as physical and tsiraicmodifications. Minimizing
energy consumption within the limits of product bijyais thus an important drying
system design problem. This work focuses on mirimgizhe energy consumption of
low temperature multistage adsorption drying systaming stage-wise adsorbent
choices, product and air flow relative directiomggger variables), process flows and
temperatures (continuous variables) as decisiomas. This leads to a mixed
integer nonlinear programming (MINLP) optimizatiproblem.

Although MINLP based design procedures have beecessfully deployed in a wide
variety of process systems like pump networks, togametworks, distillation
sequencing, heat exchanger networks, cooling towers applications to drying
processes have been relatively rare. A possiblsoredor this is the difficulty in
determining which of the many dryer design variaioare technically and
economically feasible to form a superstructure ltdraatives from which the final
optimal system can be derived. There are few redaapplications of MINLP based
design of drying systems to date. Kiranoudis ef18195) employed an MINLP model
to determine the production policy and equipmentfigorration that optimize total
annual profit of a multiproduct dehydration plaimt.the same vein, Kiranoudis, et al.
(1997) obtained the optimal number of trucks angedr as well as the drying air
humidity that minimizes the total annual cost ohming a semi-batch system of
parallel industrial truck and tray dryers. The same@asoning was applied in
Kiranoudis (1998) to the batch drying of grapesoipipatpong and Douglas (2003)
formulated a superstructure flowsheet comprisingakstructures of drying, cooling
and tempering (internal moisture content equilibratfor reduced crack formation)
units in a rice processing plant. An MINLP optintina was performed using various
performance objective functions including energgstomption. The results showed a
22% reduction in energy consumption compared witlatws obtained under typical
design and operating conditions. More recently, nesi et al. (2010) used a
Generalized Disjunctive Programming-based MINLP gidd determine the optimal
sequencing of drying, tempering and cooling unigragions in rice processing using
the quantity of head (un-fissured) rice yield amgbrgy consumption as objective
functions. In that work, energy consumption in jgatar was identified as the
dominant factor in total capital and operating sost

Multistage drying has been proposed as a meansedificing dryer energy
consumption for low temperature drying (Spets ardild 2004). In conventional
multistage drying systems, the exhaust air fromehdier drying stages is reheated
(to regain drying capacity lost due to moistureallp) and reused in subsequent
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stages. The inlet air temperature per stage refjuoeachieve the same moisture
removal from a product is reduced as comparedsiogle stage dryer. However, the
reheating in each stage is not suitable for hemgitee products as product heating
increases rapidly in the falling rate periods usuancountered in latter stages.
Moreover, reheating means energy expenditure. Gataod for solving this problem
is the use of multistage hybrid drying systemghis approach, the system is made to
consist of different dryer types such that the abaristics of each dryer and the
product drying behaviors under the operating caonktin each stage are matched to
yield favourable outcomes in terms of efficiencydaquality. In these systems,
optimal sequencing could be a design problem. Meinsdh et al. (2004) proposed a
two-stage dryer consisting of a plug-flow fluid beldyer in series with a belt
conveyor dryer for enhanced energy savings. Thst faryer was found by
experiments to be more efficient in removing bullter encountered during the
constant-rate drying period while the second watebéor residual water removed
during the falling-rate period. Dryer sequencingsvihus based on the results of
experiments which could sometimes be costly an@ tonsuming, particularly for
large-scale systems. Moreover, the choice of tlyerdiypes used in this study was
based on heuristics without a systematic searchodetThe same approach was
employed by Namsanguan et al. (2004) who used astage dryer consisting of a
superheated steam dryer in the first stage ancigpuenp dryer in the second stage to
obtain improved quality for dried shrimp. Selectitige optimal dryer type and
sequence for a multistage hybrid system would weahany experiments on the
various alternatives; comparing the performancesauh, to get the best. A well-
formulated mathematical model-based methodologyldvbelp in circumventing this
by lumping the highly combinatorial problem intocsaperstructure (search space of
alternatives) and solving the resulting MINLP peghlin one step. In this work, this
is done by formulating adsorbent choice in the mstpgcture of a multistage
adsorption drying system.

When the exhaust air from a dryer is passed thr@mghdsorbent, dehumidification
occurs accompanied by the release of adsorptioh kéigh the reduced moisture
content and the increased temperature of the anglcapacity is regained so the air
can be used for drying in subsequent stages wittehdating to high temperatures.
This is multistage adsorption drying. Multistages@gbtion drying using zeolites has
been shown to improve energy performance for lanpterature drying (Djaeni et al.,
2007a). The main energy consumption is for zeaktgeneration which typically
takes place at high temperatures. The high regemereemperatures on the other
hand provide increased opportunities for sensihté latent heat recovery (Atuonwu
et al.,, 2011b, c). Djaeni et al. (2007a) reportedpacific energy consumption of
4,237kJ/kg for a two-stage counter current adsonptryer without heat recovery.
With heat recovery using conventional heat exchemgehe specific energy
consumption is reduced to 3,125kJ/kg and furtheR,@83kJ/kg (for a three-stage
system) if the exhaust regeneration air is compiess recover latent energy. In these
studies, zeolite was used as adsorbent in all thges. However, since the
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psychrometric properties of the air and the prodirging behavior at each drying
stage are different, there is no guarantee thatricplar adsorbent performs best in
all the stages. Different adsorbents perform difelly in terms of dehumidification

under different air conditions with correspondingbrying magnitudes of adsorption
heat release. Required regeneration temperatueesalao different and air and
adsorbent flowrates significantly impact on enempnsumption. The selection of
adsorbents most suitable in each stage, togethlert@ optimal operating conditions
with respect to efficiency and quality thus becormesmportant design problem.

The usefulness of adsorption drying technologyrmdpct quality retention has been
stressed in various works (Hodali and Bougard, 200itinantakit et al., 2006;
Madhiyanon et al., 2007). Similarly, energy effiotg in drying has been shown to be
improved using adsorbents. Energy efficient dryatidow temperatures (for quality
retention) has been demonstrated. (Djaeni et @07&, Atuonwu et al., 2011b; van
Boxtel et al., 2012However, in these studies, there has not beenianyttieoretical
framework for the choice of adsorbents, both irgleirand multistage systems. The
purpose of this work is to simultaneously determustng MINLP methods, the
process conditions, product-air flow configuratiand choice of adsorbents in each
stage of a multistage adsorption dryer that mingmeénergy consumption within the
limits of product quality requirements.

4.2. Process description

As shown in Fig. 4.1, a continuously rotating aeot-coated wheel successively
passing through adsorption and regeneration sectisnan add-on to the basic
conventional dryer, like the ones currently in usevarious process industries.
Ambient air flowing through adsorber Al is dehurfigi. The process is
accompanied by the release of adsorption heat.then used in the first stage dryer,
Dryerl for drying the wet product. The dryer exhaais is passed through a second-
stage adsorber A2 and reused for drying in the rebstage dryer Dryer2. The
product flow direction could be co- or counter-amtrto the airflow direction and the
number of stages can be greater than two. Meanwthiée spent adsorbent in each
stage is regenerated in regeneration sections & Rarby streams of hot air (ambient
air heated in Heaterl and Heater2) also flowingtinaously. For low temperature
drying, note that the drying air in each stagedst lreated by an external heater, but
only dehumidified with sorption heat released. BaorM-stage system where M>2,
the same process is repeated for all the stagegin@ous rotation of the adsorbent
wheels ensures the adsorbent system is continwghse continuous flow of the
drying and regeneration air as well as the prodeaj. in belt dryers) ensures
continuous operation of the air and product systems

In this work, two choices of system configuratiore aonsidered: the co-current
system where the flow path of the drying air is $hene as that of the product and the
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n

Ambien Dehumidified 1 Dehumidified 2

Wet product

Dry product

Regeneration 1 Regeneration 2

| Heaer2

N

Heaterl

Fig. 4.1. Multistage adsorption drying system

counter-current operation where the directions ggposite. Zeolite, silica gel and
alumina are considered possible adsorbents pee-s@dge objective is to find the
adsorbent choice structure, flow configuration @mndcess conditions that minimize
system energy consumption subject to the satisfacti drying requirements.

4.3. System superstructure and superstructure modielg

To structurally optimize a process system, a stedauperstructure or search space
of alternatives from which the optimal choices wbube made must first be
postulated. Superstructure representations area@pnelassified in two major types
(Yeomans and Grossmann, 1999): the state-task-rnet¢®TN) and the state-
equipment-network (SEN). In an STN representattbe, states (stream properties)
and the tasks (state transformation processedjrem@n while the equipment (state
transformation devices) to which these tasks shdagdoptimally assigned are
unknown and form part of the optimization probleim.the SEN, the states and
equipment are known, but the optimal task struasitenknown.

Fig. 4.2 shows an STN superstructure representafitine adsorption drying system
under study with the states, tasks and possiblépegunt as shown in Table 4.1.
Ambient air is dehumidified by passing through asabent system consisting of a
number of different adsorbent material-based ad®orp subsystems, each,
constituting a unique piece of equipment. The dadified air is then used in drying
the product in the first-stage dryer. The dryeraadt air is dehumidified resulting in
state transformation before being used in a sulesequoduct drying operation in the
second-stage dryer. In addition to the ambientextithust air dehumidification tasks
which take place in the adsorbers, the spent adsbib each stage is regenerated in
the regenerators by streams of hot air. Thus fah eedsorbent in each stage, a
regeneration task exists which from a technicahpof view is mutually inclusive
with respect to the corresponding dehumidificatiask. S1, S2, S3 and S4 are
splitting/ logic selection nodes of which S1 and&@ equivalent; S3 and S4 are also
equivalent. This means, if an adsorbent is chasemy stage for adsorption, the same
adsorbent is regenerated. In the same vein, tle¢ ard outlet air of the optimal
solution flow through the selected adsorbents.
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Fig. 4.2. State-task-network representation ofesystuperstructure showing different adsorbent
possibilities per stage

Table 4.1. State-task-network superstructure gesmm

State Task description Possible equipment

Ambient air Ambient air dehumidification Zeolitduanina or silica gel adsorber
Wet product First stage drying Dryer: determinate

Exhaust air Exhaust air dehumidification  Zeoliteinaina or silica gel adsorber
Intermediately dry product Second stage drying Drgieterminate

Wet adsorbent (stage 1) First stage regeneration olit€ealumina or silica gel regenerator
Wet adsorbent (stage 2) First stage regeneration olit€ealumina or silica gel regenerator

While adsorption favours drying efficiency, the mdhe amount of water adsorbed,
the more the regeneration energy required. Thepiatg of these “conflicting” sub-
processes determines the energy efficiency of thexall process and an optimal
balance must be found. The optimization problemreskkd in this work entails
assigning the stated tasks to specific equipmedtsanultaneously determining the
best operating conditions on the basis of enerfigi@ficy optimality, while assuring
product quality requirements, represented by teaipeg and moisture constraints are
satisfied. The continuous decision variables adbptehe work are as determined in
(Atuonwu et al., 2011b). They are the regenerationinlet temperature, ratio of
adsorbent to drying air flowrate and the ratioereneration air to adsorbent flowrate
in each stage in addition to the drying air flowraBased on their well-established
dehumidification capabilities, the adsorbent matericonsidered in this study are
zeolite, alumina and silica gel.

Let the set of adsorbent materials be defined as
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| ={i:i=1....M} 0.1
And the stages of the drying system be
J={j:j=1...N} (4.2)

The continuous decision variable vector defining tperating conditions for each
adsorbent in each stage in a two-stage systemes ¢y

X =[Tewm &S] P01, 03 (4.3)

whereTarinj denotes the regeneration inlet air temperaturadsorbent and stage,
rij=Fi/Faa is the ratio of adsorbent to drying air flowrawghile sj=Farj/F,j denotes
the ratio of regeneration air to adsorbent flowrateach case.

The mass balance governing the behavior of eadbr@tttsn-regeneration subsystem
per stage is derived from (Atuonwu et al., 2011b)alows: For the adsorber and
regenerator respectively, the humidity of the dudleis

in'
YaAij :YaAinij - FJ

a

(X zAij szinij) (44)

I:z ij

aR

Yarij = Yarinij + (XzRinij - XzRij) (4.5)

The energy balances state that the aggregate keasiblatent heat of the outlet air is
equal to the algebraic sum of the sensible hetnteheat of the inlet air and the
released (or absorbed) heat of sorption. This divedollowing corresponding outlet
temperatures:

FaA((Cpa +YaAiniJva)TaAinij + (A H, + Hadsi)(YaAinij _YaAij)) +F ((szij + XzAiniijw)TzAin)
I:aA(Cpa +YaAiijv) + inj (szij + ><zAiijw)

TaAij =

(4.6)

= FaRij((Cpa +YaRinippv)TaRinij + (A |_|v + Hadsi)(YaRinij _YaRij)) + inj ((szij + XzRinippw)TzRin)
Tari (4.7)

FaRij(Cpa +Y.’:1Rij(:pv) +Fi (szij + XzRiijw)

The following coupling equations apply

Adsorber-regenerator coupling

szinij = szij (48)
TzRinij :TzAij (4-9)
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Regenerator — adsorber recycle looped coupling
Xzainij = XzRij (4.10)

The state variables of the dehumidified air in estelge are a binary—weighted sum of
those of the outlet air from each adsorber subsyste

i=M
Yaaj = Z Vi Yaai J N 0—41)
=

i=M
Ta/.\j = Z Vi TaAij j J (412)
=

where the discrete variable defining the assignméiehumidification-regeneration
tasks to each subsystem is

y; 0{fog 01 jOd (4.13)

Only one adsorbent is usable in each stage, hence,

i=M
Vi =1 J 0J (4)14
1

The dryer in each stage is fed by the dehumidiigdfrom the adsorbent system
preceding it, hence, the following mass and endrghance equations for the air
through each dryer apply

F )
Yanj = Yanj +F—"(Xpmj - Xpi) jodd (4.15)

aA

Farl(Cpa + YaaConTans + AH (Yans =Yani)) + Fo (Cop + XpiniCon) Toim)
FaA(Cpa +YaAJCPV) +Fp (Cpp +X ijpW)

Tooj = i0J (4.16)

The adsorber in each stage is fed with air frometkigaust of the dryer preceding it,
hence,

Yaainj = Yapj1 jad (4.17)
Taainj = Tapja jad (4.18)

An imaginary “zeroth stage dryer”, the ambient,#igs air to the first stage adsorber
system,
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YaDO = Yamb J D J
(4.19)
TaDO = Tamb ] gJd

The mass balance for the product phase in eack ssguming thin layer drying is
given by

X o = Xpiny + Koj (X pei = X1 )(0piVp / F) jod (4.20)

For co- and counter-current operations the follgvproduct coupling constraints
must respectively be satisfied

PG :{Xpini = Xpj; Tpin = Tpja; Xpo = Xpin; Tpo = Tpiny Xpn = Xpfinal; Tp STpmax} (4.21)
PG :{Xpinj = ij+l;Tpinj :ij+1; XDM = Xpin;TpM :Tpin; Xpl = prinaI;ij STpmax} (4.22)

If vi andv, be integer variables representing the existena®afurrent and counter-
current product-air flows respectively, the effeetcoupling constraint is

PC= lecl + Vo PCZ (423)
where
vi, v {03, v +v2 =1 (4.24)

The adsorbents considered are zeolitd)( alumina i=2) and silica geli€3) in a 2
stage system, hence, M=3 and N=2. The regeneraiiomlet temperatures are
constrained to satisfy the maximum usually allovied each adsorbent to prevent
deformation (Atuonwu et al., 2011b; van Boxtel let2012)

Tarinj < [400 200 200, jOJ (4.25)

Detailed mathematical relations describing the iigebehaviors of the different
adsorbents in terms of their sorption isothermscaphcities, heats of adsorption and
kinetics (Djaeni et al.,, 2007a; Atuonwu et al., 201 Moore and Serbezov, 2005;
Nastaj and Ambrozek, 2009; Kodama et al., 2001aTahal., 1995) are presented in
Appendix B. To evaluate the performance of the pseo methodology, the drying
behavior of pumpkin is used to simulate drying. Euiilibrium moisture content
(Krokida et al., 2003) and drying constant (Doyn207) are within the temperature
range of concern and so, are used in this works&@ lparameters are also presented in
Appendix B. The product at a dry basis flowrate7afkg/h is dried from a moisture
content of 10 kg/kg to 0.05 kg/kg dry basis. Thtie total drying capacity or
evaporative load is 716.4 kg/h.
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4.4. Optimization and system analysis
4.4.1. Optimization problem formulation
The objective of the optimization procedure is tanimize the system energy

consumption subject to the drying requirements. iagn energy consumption is in
regeneration and hence, the total energy consumgte is

=M j=N

Qn (Xij Vi ) =, Vi Fari (Cpa +YaRinijv)(TaRinij _Tarinj) iO1, jOJ3, Taina = Tams (4.26)

i=1 j=1

The MINLP optimization problem is therefore formigdld as minimize energy

consumption (4.26) subject to constraints (4.1Y4@®5) as well as (B1) to (B8),

Appendix B. The use of energy consumption as aimmigstion criterion is based on

the fact that energy costs constitute the mainadjpey costs of a dryer. Moreover, for
reasons of environmental conservation and sustéitgakenergy consumption is

paramount and should be minimized. The purchasés cosrresponding to the

different adsorbent choices are highly variable aw®pend on prevailing local

economic conditions. In addition, as the adsorbearts reused, their costs are
infinitesimal compared to energy costs which anetiooially incurred over the entire
lifetime of the drying system.

The system under consideration is a 3-adsorbestadge system and hence, h&s62
discrete adsorbent choice possibilities of which &® rendered infeasible by
constraint (4.14) which stipulates that only onsaatdent can be used per stage. 2
product-air flow configurations for each feasiblase imply 18 discrete choices.
There are 3 continuous decision variables per adsbmper stage. Hence, ordinarily,
there are 18 continuous decision variables ovemalshown in equation (4.3). The
system is however characterized by the presenakgebraic loops that make explicit
analytical solutions impossible. At the equipmestel, the regenerator outlet
adsorbent must be recycled to the adsorber, thesticg an algebraic loop. In
addition, at the state level, there are algebraaps$ in the system equations. For
instance, the steady-state values of the air, @toalid sorbent temperatures depend
on the values of their moisture contents (Atuontvalg 2011b). These in turn depend
on the sorption properties which are again, fumstiof the temperatures. An iterative
solution algorithm was proposed in (Atuonwu et 2011b) to solve the problem but
this would be computationally cumbersome when imglieted within the framework
of MINLP optimization. In this work, the problem isolved by taking the
temperatures and moisture contents as additioneiside variables and then,
specifying constraints for which the algebraic ledp.g. as found in equation (4.8) to
(4.10)) are satisfied. The solution algorithm ispiemented in TOMLAB®
Optimization software using the “KNITRO” solver (Hastrom, et al., 2009). The
solver uses the branch and bound technique by whelnteger constraints are first
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relaxed and the NLP relaxation solved to obtain ltheer bound on the integer
variable. For each integer variable with non-integmutions, new bound constraints
are added to form two new NLP problems. The NLBx&tion is solved with interior
point methods. To ensure the solution is as clgspogsible to the global optimum,
the solver employs a multi-start procedure whichegates multiple new start points
by randomly selecting values of continuous varigiiat satisfy the variable bounds.

4.4.2. Heat recovery from the optimal system

Here, the possibilities of recovering sensible kent heat from the regenerator and
drying air exhausts of the optimal system are exgoloThese exhausts constitute hot
(energy surplus) streams. The ambient air to themerator and dryer constitute cold
streams (energy deficit). For high temperature heabvery, an option is to pre-heat
the ambient air to the regenerator using the ragémreexhaust. Latent heat is also
available if the hot streams could be cooled bettaw point. Preheating the dryer

inlet ambient air using the second-stage dryer esths also an option if the dryer

exhaust air temperature level is high enough. Pamaiysis (with latent heat recovery
possibilities) is employed in exploring these opsiaising the procedure proposed in
(Atuonwu et al., 2011b, also in Chapter 2 of thissis).

4.4.3. Comparison with existing alternative systems

To give an indication of the extent of improvemehtained by the proposed optimal
system, the results are compared with the followsages of conventional dryers
(without adsorption subsystems):

1. Exhaust air from each stage, partially recycledsHirair introduced per stage
(Kiranoudis et al., 1995) with 70% recycle assumed.

2. Product and air flow in the same direction; exhaisfrom stage 1 reheated
and used in stage 2 (Spets and Ahtila, 2004).

The dryer inlet air temperature per-stage is saaktp that of the optimal sorption

system for equivalence. Also, the results are coetpavith those for two-stage

adsorption drying systems with the same adsorbergach stage: zeolite-zeolite;
alumina-alumina and silica-silica. For each of thses, an optimization problem that
minimizes energy consumption subject to the samiaglrequirement is solved.
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4. 5. Results and discussion
4.5.1. Optimization results and discussion

Fig. 4.3 shows the optimal choices of adsorberdgslite — first stage and silica gel —
second stage) and flow-configuration (countercujrerThe values of the
corresponding continuous variables are shown in€léal2 with stream numberings as
designated in Fig. 4.3. The regeneration energiaswomed per-stage for the optimal
system is compared with those for same adsorbeterag in Fig. 4.4(a). The results
show that for the optimal system, the regeneratbaest air temperature for the first
stage is equal to that of the inlet of the secag®nerator. Hence, no utility energy is
required for the second stage and Heater 2 (ind=8).becomes redundant.

Heater2

Fig. 4.3. Optimal drying process showing adsorbaneach stage (zeolite first stage and silica-gel
second stage).

o 25 g 12
5 - £ 10
= 2
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890 1 WStagel 2= 4 M Stage 1
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: :: .
2 0 =
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Adsorbent choices per stage Adsorbent choices per stage

Fig. 4.4. Charts of (a). Regeneration energy pages{b). Adsorbent flowrate per-stage for different
options (ZS*- optimal, ZZ-zeolite-zeolite, SS-sdigel-silica gel, AA-alumina-alumina)

Table 4.2. Operating conditions for optimal system
No. Flow(kg/h) Temp.(°C) Humidity(kg/kg) No. Flog{k Temp.(°C) Humidity(kg/kg)

1 54,000 25 0.0100 8 72 46 0.0500
2 54,000 46 0.0030 9 4,269 25 0.0100
3 54,000 24 0.0114 10 4,269 400 0.0100
4 54,000 36 0.0061 11 4,269 200 0.0990
5 54,000 24 0.0109 12 4,269 200 0.0990
6 72 24 10.0000 13 4,269 120 0.1663
7 72 36 6.3674
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The result is that minimum regeneration energypisns for this system. Also, from
known adsorbent isotherm characteristics, zeolitase high dehumidification
capacity at low vapour pressures while silica-gleleumidify better for high vapour-
pressure air. The choice of zeolite for ambientdainumidification and silica-gel for
the moister dryer exhaust air dehumidification tleasures that the dehumidification
characteristics of both adsorbents are well-matdbethe drying air properties for
each stage. From Fig. 4.4(b), it is seen that linngtances, the optimal adsorbent
flowrate (proportional to wheel speed) is highetha second stage than the first. The
second-stage therefore behaves like an enthalpyelwisally applied in HVAC
systems (Zhang and Niu, 2002) which because tiigiser rotary speed, is optimized
for heat recoverywhile the first stage (at lower speed) is optimizia air
dehumidification. The results of Table 4.2 alsowlibat for the optimal system, the
regeneration air inlet temperature equals the ugpastraint, in agreement with
previous results (Atuonwu et al., 2011b). In summaéne operating conditions are
such that both dehumidification and heat recovéogn( drying and regeneration air
exhausts) are optimized (by wheel speed behavibg.drying air properties (vapour
pressures) and adsorbent isotherm characteristies naatched. System heat
requirements are matched by appropriate regenerétimperatures per-stage. The
adsorbents are chosen to satisfy these requirema&ntsadsorbent requiring high
regeneration temperature (zeolite) is used in tte¢ $tage so it provides enough
driving force to regenerate the second-stage adsorsilica). From the foregoing,
the system component choices and operating condiice matched with process and
energy demands per-stage to optimize the specibiggctive which is energy
consumption. In principle therefore, the developgaperstructure optimization
methodology can by extension, be applied to optmaultistage hybrid drying
systems in general for any objective.

For drying the selected product at a dry basis ey of 72 kg/h from an initial
moisture content of 10 kg/kg to a final value d@®kg/kg (an evaporative load of
716.4 kg/h), the optimal system consumes 1.880%J/h of energy. This amounts to
a specific energy consumption of 2,275 kJ/kg wateaporated. Given a specific
latent heat of vaporization of water of 2,500 kJM energy efficiency is 110%. For
the two-stage zeolite, silica and alumina systetims, specific energy consumption
calculated are 2,850, 3,260 and 3,368 kJ/kg watgrectively.

4.5.2. Heat recovery from optimal system by heelhaxger

The results computed in the preceding section asdhat the exhaust air from the
second-stage regenerator (stream 13) and dryeafstb) are discharged (See Fig.
4.3). However, these constitute heat sources ®irllet ambient air to the regenerator
(stream 9) and the dryer (stream 1). Fig. 4.5(d)(Bh show the system pinch analysis
results. The composite hot stream plots show tla¢ fierplus of the system exhausts
while the cold stream plots show the heat demahtisednlet streams. Two cases are
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presented: (a). Minimum exchanger temperaturereifieeqd Ty,in =5 °C (b).4Tmin =20
°C. In the case withiT,ix=5 °C, the second-stage regeneration outlet ailsdoelow
dew-point of 62 °C (indicated by the point where tiot stream curve bends) since
the overlap between the two streams extends bdimndmperature. The cold stream
(the ambient air to the regenerator) heats up 90°CL(5 °C less than the regenerator
exhaust) as a result of which, 3.9%6@ kJ/h of heat is recovered. Note that heat
recovered is the enthalpy change correspondin@pg¢coterlap between the hot and
cold composite curves. Fig. 4.6 shows an implentiemaf the heat recovery system.
The only energy spent therefore is used in hedhiagair from 115 to 400 °C. Under
this arrangement, the net energy spent is 1:24kJ/h corresponding to a specific
energy consumption of 1,730 kJ/kg (or an efficien€yL44%). For a heat exchanger
heat transfer coefficient of 0.2 kW (Langrish, 1998), this translates to a total
exchanger area of 26.5°nfor the casel T =20 °C, latent heat is not recovered as
the hot air cools to about 63 °C. The ambient aath up to 100 °C with 3.26380°
kd/h of heat recovered. The net energy spent 852.810° kJ/h corresponding to a
specific energy consumption of 1,822 kJ/kg (or &itiency of 137%). 15.6 mof
heat exchange area is required.

4.5.3. Comparison with conventional systems
Fig. 4.7(a) shows the flowsheet for the conveniiac@vective dryer with 70%
recycle of exhaust air in each stage and 30% fneske-up air. Fig. 4.7(b) shows the

flowsheet when the exhaust air in each stage msateld and reused in the next stage.
The corresponding energy consumption minimizationditions are shown in Tables
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4.3(a) & (b). In general, net energy consumptiodupes as percentage recycle
increases. However, particularly at high percentegmycles, the flowrate of air
required to achieve the same water evaporation fiemproduct increases. For the
studied case, above 70% recycle, the requirediaardte rises sharply; hence, the
choice of 70% recycle. The results of Table 4.3(@w that much air is required for
evaporation due to the low capacity of the moildtiair (streams 2, 3, 5 & 6). Much
energy is required to reheat this air and the lemgderature levels of the air means
little energy benefits due to recycle. The totaérely consumption is 3.014%0° kd/h
corresponding to a specific energy consumption @08 kJ/kg (or 60% energy
efficiency). For the case in Fig. 4.7(b), lessigaineeded compared to Fig. 4.7(a) but
the low temperature energy in the exhaust air effitst stage (stream 3) being not
much different from the ambient does not providecmaxtra benefit. Moreover, the
outlet air of the second stage (stream 5) is &t sulow temperature that precludes its
economic use in preheating the inlet ambient &iegsn 1) by heat exchangers.

(@) 9

Heaterl

8

Dryer2
1 2 3 4 5

(b) 6 7

Fig. 4.7. Conventional two-stage dryer configunasio(a). With recycle: drying air streams 1-8;
product streams 9-11 (b). Exhaust air reheatedeusbd: drying air streams 1-5; product streams 6-8

Table 4.3(a). Operating conditions for conventidmad-stage dryer, case (a). 70% exhaust air recycle

per stage
Stream  Flowrate Temperature Humidity  Stream Flowrate Temperature Humidity
(kg/h) (°C) (kg/kg) (kg/h) (°C) (kg/kg)
1 56,850 25 0.0100 7 189,490 36 0.0148
2 189,490 37 0.0131 8 132,640 31 0.0169
3 189,490 46 0.0131 9 72 25 10.0000
4 132,640 43 0.0144 10 72 43 6.5000
5 56,850 25 0.0100 11 72 31 0.0500
6 189,490 29 0.0148

Table 4.3(b). Operating conditions for conventiomad-stage dryer, case (b). Exhaust air reheatdd an

reused
Stream  Flowrate Temperature Humidity Stream  Flowrate Temperature Humidity
(kg/h) 0 (kg/kg) (kg/h) (°C) (kg/kg)
1 71,067 10 0.0100 5 71,067 28 0.0141
2 71,067 46 0.0100 6 72 10 10.0000
3 71,067 29 0.0108 7 72 29 3.2894
4 71,067 36 0.0108 8 72 28 0.0500
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Table 4.4. Energy performance comparison amongsirye

Drying system Specific energy (kJ/kg) Energy Efficiency (%)
Optimal adsorption dryer 1,730 144
Conventional dryer with 70% exhaust air recycle 08,2 60
Conventional dryer: exhaust air reheated, reused 3324, 58

The resulting effect of these conditions is an gne&onsumption of 3.103%0° kJ/h
corresponding to a specific energy consumption 882 kJ/kg (or 58% energy
efficiency). Table 4.4 shows in concise form, theergy performances of the
conventional dryers compared with the optimal agoison drying system. The
optimal adsorption drying system reduces energyswmption by about 59%
compared to the conventional systems. Since theegmonding energy efficiency
values are 144% and 60% respectively, this reptesenise in energy efficiency of
84%. In addition to these, the adsorption systepviges higher drying capacity
which permits the use of much lower flowrates ofimlg air; hence, a smaller dryer.
The two-stage adsorption dryer with zeolite in thist stage and silica-gel in the
second stage thus provides a significant step aleacducing drying energy
consumption and improving process sustainability.

4.5.4. Economic Considerations

The preceding sections have shown how energy cqrsumcan be reduced by
combinatorial optimization of a multistage adsapti drying system. Actual
implementation depends largely on economic conaiaters. However, many aspects
of cost, like sorption wheel costs, extra labostatlation and maintenance are highly
dynamic both in time and in terms of plant locatidém this study, we analyze the
economic feasibility of the process by evaluating tosts associated with savings in
energy and C@emission penalties. From this, payback periods lmarestimated
based on local cost data. Table 4.5 shows an edonanalysis of the proposed
system based on energy costs and costs associdiedC®, emissions in the
European Union EU in 2011 with the Netherlands ease study.

Table 4.5. Economic analysis of proposed system

Economic variables Values
I=Operational time (h/year) 5,000
lI=Energy costs (€/GJfurope's Eneray Portal, 20: 16.9
l1I=CO, emissions per energy consumption (kg/(53y's ad Zitema. 200 56.7
IV=Costs per ton of Cgemissions (£/tonff'ements etal. 201 15
Calculated variables Values
V=Drying performance (kg water/h) 720
VI=Specific energy savings (kJ/kg water) 2,478
VII=Total energy savings (kJ/year)=I*V*VI 8.920&10°
VIlI=Cost value of energy savings (€/year)=11*V1I16F 150,760
IX=Cost value of reduced G@missions (E/year)=l11*IV*VII*10° 7,590
X=Total cost savings per year (€/year)=VIII+IX 158,350
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It concerns small/medium-scale dryers of air flaerabout 60,000 kg/h and an
annual operational time of 5,000 hours is assunkgdry I). Entries Il — IV show
given values obtained from literature with natgas as fuel (Europe’s Energy Portal,
2012; Vreuls and Zijlema, 2009; Clements et al12)0 while entries V — X are
calculated values based on results of the currertys Since the specific energy
consumption is reduced from 4,208 to 1,730 kJ/ke, $pecific energy savings is
2,478kJ/kg. Hence, calculations on the costs adehenergy savings and associated
CO, emissions show that the total annual cost savis@s the region of € 158,350.
Assuming all the extra costs associated with thptgm system amount to € 150,000,
the payback period is within one year. If we coasithe rising energy costs and
increasing pressure globally to reduce ,Cénissions, the payback period could
reduce further in future. Moreover, the optimal ptilmn system improves drying
capacity (which permits the use of lower air flot@s). Thus, for the same dryer size,
a higher quantity of products can be processedup#rtime by the sorption dryer
even though extra space would be needed for wheslllation. In any case, the value
of the processed product when factored in wouldeim®e the profitability of using the
proposed system.

4.6. Conclusion

Reducing energy consumption in drying processesiresran important issue in view
of the significant contribution of drying to indusi energy consumption, operating
costs and environmental impact. In this work, a lom@torial optimization scheme
based on mixed integer nonlinear programming (MINbBs been developed for a
two-stage adsorption drying system for the purpafseeducing energy consumption
while satisfying drying requirements. Discrete wahtes like product-air flow
configuration and adsorbent choice per-stage forsugerstructure of alternatives
while regeneration air inlet temperature and fl@as, well as adsorbent flow speed
constitute continuous decision variables. The dyped superstructure optimization
methodology is shown useful for optimizing multggahybrid drying systems in
general for any objective function. Unlike previdusuristic multistage hybrid dryer
design techniques, the developed systematic searethod lumps the highly
combinatorial problem into a superstructure of raliives, solving the resulting
MINLP problem in one step and thus, providing at@ffective solution. The
existence of many advanced process optimizatiols timothe market today brings
such optimizations closer to practice.

Results of the work show that a hybrid adsorbentctire with zeolite in the first
stage and silica-gel in the second in counter-aurflew between drying air and
product yields the optimal solution. The result®whheat requirement matching
between the first and second stages. Zeolite wingtfuires higher temperature
regeneration is chosen in the first stage andasgi (requiring lower temperatures)
in the second stage as a result of which zerayughergy is spent on regenerating the
second-stage adsorbent. Also, there is vapour ymessid adsorption characteristics
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matching as zeolite with a higher dehumidificaticeppacity at lower humidity is

chosen for ambient air dehumidification while shgel which is more effective at
higher vapour pressures takes priority for exhaurstiehumidification. Furthermore,

the wheel speed pattern show that the first staigerbent system is optimized for
dehumidification and hence, drying capacity white second stage by virtue of its
higher speed behaves like an enthalpy wheel optaniar heat recovery.

For the optimal system, specific energy consumpdimounts to 2,275 kJ/kg without
using heat exchangers. By recovering the secom@stgenerator exhaust air heat
using heat exchangers, specific energy consumginther reduced to 1,730 kJ/kg.
Compared to conventional two-stage dryers undeilairoperating conditions which
consume about 4,208 kJ/kg of energy, a 59% reductio specific energy
consumption is achieved. This translates to an B&¥gase in energy efficiency. The
significant energy savings imply huge cost savimgeptials in view of the rising
energy costs and increased pressure with assoqguealties on C@®emissions.
Moreover, the optimal sorption system improves myycapacity (which permits the
use of lower air flowrates). Thus, for the sameedrgize, a higher quantity of
products can be processed per unit time by thetieardryer although extra space
would be needed for wheel installation. Thus, tiadu® of the processed product
when factored in, would increase the profitabibfyusing the proposed system.
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Simultaneous superstructure optimization and heat
integration of multi-stage adsorption dryers

Abstract

In Chapter 4 of this thesis (as appears in Atuomival., 2012a), a mixed integer
nonlinear programming (MINLP)-based superstructn@del was used in realizing
an energy-efficient two-stage drying system. Zeoltas chosen as the optimal
adsorbent in the first stage and silica gel ingbeond stage. Heat integration was not
considered simultaneously but was included as anskoptimization step (sequential
optimization). This work explores the possibilitimproving system performance by
formulating the drying system design, including@tient choice per-stage and heat
integration problem in a single optimization stepnultaneous optimization). A 15%
reduction in energy consumption is achieved contptveéhe sequential case with the
same adsorbent choices but different operatingitons.

Keywords Drying energy, superstructure optimization, sitanéous heat recovery
5.1. Introduction

Simultaneous optimization of unit operations togetwith heat integration has been
identified as being useful in improving performar(@uran and Grossmann, 1986;
Francesconi et al., 2011). In drying processesifigaty, a recent study applying the
pinch location simultaneous heat integration optation approach to a single-stage
zeolite dryer led to a 13% reduction in energy comgstion compared to a two-step
optimized system (Atuonwu et al., 2011). For mstage drying systems therefore,
there exists the potential to explore simultanebest integration optimization
techniques for energy performance improvement poiigs. However, previous
work on such systems (for instance Atuonwu et 20]2a) has focused on the
sequential approach where heat recovery is onlsidered based on the stream
conditions determined from a previous drying preagstimization step. In this work,
we explore energy efficiency improvement possie#itby formulating the multistage
adsorption drying design problem for optimal adsotb choice and operating
conditions simultaneously with heat integrationtmog. As in Chapter 4, zeolite,
silica gel and alumina are considered possibleradsts.

5.2. Methodology: Superstructure development

In drying processes, there are essentially two wafyseusing process heat: heat
exchange between energy-surplus and energy-defiogess streams and recycle of
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energy-surplus streams. Fig. 5.1 shows the prosepsrstructure for a two-stage
dryer with air dehumidification incorporating bo#@spects for simultaneous heat
integration. Here, hot and cold streams from thec@ss are identified where hot
streams are defined as streams with excess reuseblgusually process exhausts)
and cold streams, those requiring heat input (@®adets). The heat-exchange/heat-
recovery options are incorporated as follows. Fiesich hot stream (represented by
bold continuous lines) has the possibility of exdiag heat with each cold stream
(shown by the dashed lines) via heat exchangerstelérby small circles that link
both stream categories via dotted lines. Secomde tis the recycle option where each
regenerator hot stream can be recycled to the Imdater of its circuit or the other
regenerator. Blocks rl and r2 show the recyclegmttthe superstructure. Within the
recycle option, there is the possibility to insemake-up ambient air to avoid
saturation. The hot streams are: the exhaust @m fregenerators 1 and 2 and the
exhaust air from dryer 2. The cold streams areothtéet air from adsorbers 1 and 2
(feeding dryers 1 and 2) and the inlet air to regetors 1 and 2. In addition to the
adsorbent choice and air-product flow configuradiavhich are integer variables in
Chapter 4, new integer variables are defindd, representing the existence of a
heat exchanger between cold streknand hot streanvy and Z; representing the
recycling of a hot regenerator air stream. Alg@,represents adsorbent choice per-
stage. For each recycle, a fractioaf the hot-stream is assumed recycled with) (1-
the proportion of make-up ambient air. This fragtibis a continuous decision
variable with value between 0 and 1. Ket {k: k=1...Nk} be the set of cold streams
with temperatures defined ag = [Taa, Taaz Tamb Tamg Where the first two
temperatures refer to those of the adsorber oaitleh each stage (subdeg) and the
last two, ambient air to the regenerator inlet @eaf{subsek;). Also, letL={/: ¢
=1...N_} be the set of hot streams with temperatures @efiasT, s =[Taroutz Tarout1
Taoud. The per-stage inlet temperature to the dryetdregbetween adsorber outlet
and dryer inlet, not shown in the superstructufr possible heat exchange is

Tain = Tanj + Qu/(Fa(Cpa + YarCov)) (5.1)

whereQq; is the heat recovered by the adsorber outletaisfage from the optimal
hot stream combination. The heat recovepadis obtained by a short-cut procedure
which assumes that the hot stream is the heat egeHaniting stream in any heat
exchange. Hence, for a minimum heat exchanger textye differencel Tnin,

(=NL_
Qi = Fa(Cpa+YaaCov) Y W/ (Tos —ATin) 0L, KOKq p.

(=1

The assumption is valid provided the hot streamsdoet cool below the
corresponding cold stream temperature g,

Th,/ sout = TaA + ATmin (5 3)
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Fig. 5.1. Process superstructure with simultandeas integration: hot streams (continuous linemfro

process exhausts) either combine with cold strgdashed lines) via heat exchangers (circles thkt li

both streams through dotted lines) or are recytdeahother part of the process; rl and r2 are iecis
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Equation (5.2) assumes that each cold stream casilith only one hot stream

/=N

> W, <1 (5.4)

The temperature of the inlet air to the regeneragaiter per stages determined as
Ting = (L=2Z; (Tamo + Qs /(For(Cra + YamiCov))) + Z Ty (5.5)

where the first term represents the possible teatper after ambient air combines
with some hot stream in which case the correspanlat stream will not be recycled
(hence the 14 term). By a process similar to that used in dagy5.2), the hed;
recovered by the ambient air to the regenerat@mutiit heat exchange with a hot
stream is given by

=Nt

Q= FaRj(Cpa +YathPV) Z\NW (TW _ATmi“) j0J, kDK, ¢0L (5.6)

(=1

The second term (of 5.5) is the temperature ofelegcled hot stream which becomes
the regeneration heater inlet temperature for lecytdeger variableZ=1. T,; takes
into account the mixing of fractidinof a recycled hot stream with fractiorf &mbient
make-up air. From the method of mixtures, thisive by

(Faa (l— f )(Cpa +Yamlev)Tamb) + (FaR f (Cpa + Ya"iniCPV)Thyg) J 0J /0L (57)
FaR (1— f )(Cpa +Yamlppv) + FaR f(Cpa +Yarinijv)

Trrj =

If Tapinj and Tarinj are the required dryer and regenerator inleteiperatures per-
stage, the utility heaters only supply the defiait®r the respective inlet streams have
optimally exchanged heat (or been recycled). Thesger inlet temperaturdgi,; and
Tinj attained by the streams after heat exchange (ycle are given by (5.1) and
(5.5) respectively. The heat required per stageHerdrying air and regeneration air
are therefore given respectively by

Qo = Fa(Cpa +YaAijv)(TaDinj _Tdim') 9

i=M
Qi = > Yi.iFar(Cpa *+ YarnsCou)(Tarin =T j 03 (5.9)

i=1

The total heat input with simultaneous heat integnaoptimization is therefore

Qinstr = J:ZQDj +Qkj (5.10)

=
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The optimization problem is thus posed as “minim{zel0) subject to constraints
(4.1) to (4.25) which also apply to the system withsimultaneous heat integration as
detailed in Chapter 4 and the additional constsa{gtl) to (5.7)". The product is
dried from an initial moisture content of 10kg/kgd final value of 0.05kg/kg while
constraining the drying temperature to within 50°C.

5.3. Results and discussion

Fig. 5.2 shows the optimal configuration with sitankeous heat integration. Process
conditions of each stream are as shown in Tabledpared with the case where the
process is optimized first before heat recovergassidered (sequentially optimized
system) as well as the conventional dryer. Forsiheiltaneously optimized system,
zeolite is chosen for the first stage just like Seguentially optimized system but
regenerated at an inlet temperature of°82@s against the 400 required for the
latter. This implies lower energy consumption. Tdéehaust at 200@ is used to
directly regenerate the silica gel without extratheddition via Heater 2. The exhaust
of the second stage regenerator at temperatureCl&ipplies energy to the ambient
air (stream 15) which heats up to 180 The extra heat required to raise the
temperature to 32C is supplied by Heater 1, and represents the ordyggrspent in
the system. The exhaust of the heat exchanger X¥afm 14) at 64C and high
humidity contains energy which when further exclehgith stream 4 (the outlet of
the second adsorber) raises the temperature G, 45oviding more drying power.
The energy efficiency of this system is 170% asshim Table 5.2. This corresponds
to a specific energy consumption of 1470kJ/kg. Bgeenergy consumption is thus
reduced by about 65% compared to an equivalentestdional dryer for which the
process conditions are in Table 5.1 (right) andciefficies in Table 5.2. (see also
Chapter 4, Section 4.5). Note that for the conwerati dryer conditions in Table 5.1.,
the adsorber sections (Al and A2) of Fig. 5.2 a@aced by utility heaters and
regenerator sections (R1 and R2) omitted. Comptretie sequentially optimized
system, the energy consumption is reduced by 154t sumnultaneous optimization.
The adsorber-side process conditions for both dogiential and simultaneous cases
are similar due to the imposition of the same dyyoapacity constraints. The main
differences observed in process conditions arbernréquired first-stage regeneration
air conditions. The inlet temperature is lower watmultaneous optimization. Also,

Silica-gel

w

Fig. 5.2. Optimal drying system with simultaneoesihintegration
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Table 5.1. Operating conditions of optimal dryilygtem with simultaneous heat integration
optimization (first from left), sequential optimizan (middle) and conventional dryer without
adsorption system (rightf. is for flowrate, T for temperatureY,Xfor humidity or moisture content

No. F T Y, X F T Y, X F T Y, X
(kgih) — (°C)  (kg/kg) (kgih) — (°C)  (kg/kg) (kgih) — (°C)  (kg/kg)
1 54000 25 0.01 54000 25 0.01 71067 10 0.0100
2 54000 45 0.0031 54000 46 0.0030 71067 46 0.0100
3 54000 24 0.0114 54000 24 0.0114 71067 29 0.0108
4 54000 37 0.0065 54000 36 0.0061 71067 36 0.0108
5 54000 24 0.0115 54000 24 0.0109 71,067 28 0.0141
6 72 25 10 72 25 10 72 10 10.0000
7 72 37 6.2689 72 37 6.3674 72 29 3.2894
8 72 45 0.05 72 45 0.05 72 28 0.0500
9 5517 130 0.01 4269 115 0.01
10 5517 320 0.01 4269 400 0.01
11 5517 200 0.0777 4269 200 0.0990
12 5517 200 0.0777 4269 200 0.0990
13 5517 150 0.1255 4269 120 0.1663
14 5517 64 0.1255 4269 62 0.1663
15 5517 25 0.01 4269 25 0.01
Table 5.2. Energy performance comparison amongsirye
Drying system Specific energy (kJ/kg) Energy Efficiency (%)
Simultaneously optimized system 1470 170
Sequentially optimized system 1730 144
Conventional dryer without sorption system 4332 58

the required regeneration air flowrate is highen -situation which favours heat
recovery as reported in Atuonwu et al. (2011b).tHat study where a one-stage
zeolite drying system was simultaneously optiminéith heat recovery, simultaneous
optimization by pinch location was shown to red@rergy consumption by 13%
compared to a sequentially optimized system. Semelbus optimization therefore
serves as a good method of debottlenecking botflesstage and multistage hybrid
drying processes for better energy performance.

5.4. Conclusion

This work demonstrates that simultaneous heat s¥goaptimization of a multistage

adsorption drying system by appropriately modifyoigective functions and adding

new constraints, improves energy performance. k®@rstudied case, zeolite retained
its position as the optimal adsorbent in the fgttge and silica gel in the second
stage. The specific energy consumption is reduge@bmut 65% compared to an
equivalent conventional dryer and 15% comparedgecuentially optimized system.

The latter is achieved by changing the operatingditimns to encourage more heat
recovery while reducing the required regeneratemperatures drastically to ensure
less strain on the primary energy source.
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Synergistic process design: reducing drying energy
consumption by optimal adsorbent selection

Submitted as Atuonwu, J.C., Straten, G. van., Devehl.C. van., Boxtel, A.J.B. van
(2012). Synergistic process design: reducing drgngrgy consumption by optimal
adsorbent selection

Abstract

This work analyzes the synergy between two compheamg unit operations —
adsorbent dehumidification and drying and presemtsnixed integer nonlinear
programming approach to optimize energy performaimcea two-stage system.
Combined with active constraint analysis, the aosor properties that promote
energy performance are derived to include high tewrp capacities, surface
heterogeneities and regeneration to adsorption catestant ratios. Microporous
adsorbents with higher sorption capacities at lawor pressures and requiring higher
regeneration temperatures are preferred for amlierdehumidification in the first
stage. For exhaust air dehumidification, mesopor@aasorbents with lower
regeneration temperatures are preferred such tHeatekhaust air from the first
regeneration stage can sufficiently regenerate thiéom low temperature drying
below 50°C, energy consumption reductions of alf@d are achieved depending on
adsorbent properties, demonstrating the usefulokssiperstructure optimization in
matching the drying process with the capabilititthe adsorbents to enhance process
synergy for improved energy efficiency.

Keywords Multistage drying, dryer energy efficiency, desint dehumidification,
process synergy, process integration, hybrid drying

6.1. Introduction

The significant contribution of drying to global dastrial energy consumption
necessitates the development of innovative drynoggss design techniques. Among
these techniques is the so-called hybrid or “asdistdrying which involves

combining more than one unit operation or dryeretyp a single or multistage
arrangement. Over the last decade, considerabé&angs effort has been made in
developing energy-efficient hybrid drying systemghwmost of them involving the

combination of different dryer types. Examples o€ls efforts are found in (Kudra
and Mujumdar, 2000; Ogura and Mujumdar, 2000; Caodi Chua, 2001; Raghavan
et al.,, 2005; Witinantakit, et al., 2006; Salagrcal., 2008; Djaeni et al., 2009;
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Younes et al., 2010; Wang et al., 2011; Atuonwwalet2012a). In combining unit
operations, it is important the unit operationsasecomplementary as possible for
process synergy. During drying, the drying air itracting water from the wet
product undergoes a state transition from a redbtidry and hot state to a moister,
cooler state. A process whose state transition the opposite direction would have
the advantage of enhancing the drying potentiatth@fair hence making the system
more energy-efficient. Air dehumidification by adsents offers this opportunity as
water is extracted from the drying air with a sitankous sensible heat gain due to
the release of the adsorption heat that enhanaedtying potential. To ensure
continuous usability of the adsorbents, they mustrégenerated by a process
requiring energy expenditure of which part of theergy can be recovered. The
energy efficiency of the overall process dependsonty on the operating conditions
but also on the adsorbent properties, selection seguencing per-stage. The
adsorbent properties in particular, place limits amhievable performance for any
given process structure and operating conditioclutfing these properties as decision
variables in process design extends the efficiaiclie drying system.

The traditional approach to process design in generfirst to find the structure
(arrangement of unit operations) and then operatorglitions that optimize a given
performance criterion like energy consumption. phgsical properties of the system
components are usually already fixed with the oha€ the unit operations even
though they still have profound effects on systeenfggmance. This represents a
missed opportunity to enhance system performandenpyoving interactions among
components and enhancing synergy. This work presaninethodology based on
constrained mixed integer nonlinear programming NM?) to define physical
properties of the adsorbent in combination withuseging per-stage as well as
process conditions that promote energy efficiencymultistage drying. With this
methodology, synergy is reached at two levels: daomg unit operations which can
be described as complementary, and deriving thesipdly properties, operating
conditions and sequencing of system componentsethiadnce performance while
satisfying drying requirements.

Although this work considers only multistage adsorp drying systems for low
temperature drying (around 50°C), the same priacgain be applied to any hybrid
dryer combinations for any search space of altemalystem components chosen by
the designer. The method can also be applied frrhdnt selection in energy-related
applications like drying which has become necessatty the current development of
many new pure and composite adsorbents (Thoruwah, &000; La et al., 2010). The
approach is also useful in other areas of Procgsse®s Engineering to derive
material properties of feed options or unit operatievices that optimize any desired
process performance criterion.
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6.2. Process synergy analysis: a case for combina#b optimization

For any process system, the goal is to transfoset @f raw materials to value-added
products using appropriate equipment operatingiah £onditions as would optimize
given objective(s) while satisfying given requirerte LetJ be the objective function
to optimize. Then, the objective function dependsnput variables whose values are
bounded on the process constraints. The constreamsbe classified into equality
constraints like mass balanckk energy balancek, constitutive equation€ and
other constraintsP (e.g. quality-oriented constraints like desiredtletuproduct
moisture content or temperature) which could alsikequality-based.

J=J(M,E,C,P) AP

Performance improvement for a given equipment lreghe ability to shift the
constraints to a more-favorable point. When thecgssing system consists of a
number of subsystems as in hybrid drying processggrgy among subsystems is
important for optimal performance. Assume that ihybrid system we designate a
main subsystem and the assisting subsystem. Ranoes in an adsorption dryer, the
dryer is the main subsystem while desiccant adsworpis an add-on. Let the
performance objective we want to minimize for thybiid system bd, and letd,= J
(Mm, Em, Cm, Pm) be that of the main subsystem. Then there isrgynieetween the
subsystems if

J<Jnm (6.2)

The synergy is obtained by the optimal choice oftay properties (including
physical properties) and operating conditions.

The aim of a drying process in particular is touws the moisture content of a
product from an initial valuis to a final valuex;, at a rateFp in an energy efficient

manner while meeting quality requirements. The afpenal objective function to be
minimized is:

Total energyinput _ Qn
Massof evaporatedwvater Fp(X pin Xp)

SpecificEnergy Consumptio = (6.3)

Consider the two-stage adsorption dryer shown g 6il with flows, temperatures

and humidities as designated in Table 6.1. A comtiisly rotating adsorbent wheel

successively passing through adsorption and regeoersections is an add-on to the
basic conventional dryer. Ambient air flowing thgbuadsorber Al is dehumidified in

a process accompanied by adsorption heat reldasethen used in the first stage
dryer, Dryerl for drying the wet product. The drgxhaust air is passed through a
second-stage adsorber A2 and reused for dryingeisécond-stage dryer Dryer2.
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Heater2

Fig. 6.1. Two-stage adsorption drying processasti®1-7, drying air, 8-10, dried product, 11-15
regeneration air. See Table 6.1 for informatiorttenflows

Table 6.1. Flows, temperatures and humidities o$taeams in Fig. 6.1

No. Flow, Temp., Humidity No. Flow, Temp., Humidity No.  Flow, Temp., Humidity

1 Faa Tamb Yamb 6 pr Tpina xpin 11 FaRL TaRout]: YaRoutl
2 Faa TaAly YaAl 7 Fpa Tpma xpm 12 FaRZ: TarinZa YaRinZ
3 Faa TaDoutL Yaoutl 8 Fpa Tpouta xpout 13 FaRZ: TaRinZs YaRinZ
4 Faa TaAZy YaAZ 9 FaRJJ Tarinla YaRinl 14 FaRZs TaRoutz YaRoutZ
5 Fau TaDoutZs Yaout2 10 FaRlv TaRin:b YaRinl

The product flow direction could be co- or countarrent to the airflow direction and
the number of stages can be greater than two. Mamwhe spent adsorbent in each
stage is regenerated in regeneration sections BRarby streams of hot air (heated
via Heaters 1 and 2) also flowing continuously. Tdtal energy consumption is

j=N
QReg = Z FaRj (C pa t YaRinj va)(TaRinj _Tarinj ) (64)
j=1

Assuming a one-stage system, the mass balanceesijtlect to product drying is

Fp(x pin — Xp) =Fa (Yaout _YaA) = l:a[(Yamb_YaA) + (Yaout _Yamb)] (65)
The first two terms in (6.5) are the mass balarmetlie dried product and air
respectively. The last term is a reformulationied thass balance of air. The first part
of the reformulation represents the dehumidificati@pacity of the adsorbent while
the second term represents the drying capacitiiettand-alone dryer. Here we see
synergy as the desiccant adsorption process ghitsdrying capacityFp(Xpin-Xp)
upwards by a value equaling the dehumidificatigpacay of the adsorbent.

For a two-stage system, a similar result is obthine

Fal (Yaoua = Yaa ) + (Yaowe —Yare )| = R (YamYam) +(Yaoua =Yare) + (Yo —Yarmt) +(Yaore —Yaoua] (6.6)
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The total drying capacity is the sum of the capegibf each adsorbent system and
stand-alone dryer. Hence, the drying capacity dita with the number of stages. In
coupling to a dryer, synergy is thus achieved (thase condition (6.2)) with respect
to product water removal (denominator of (6.3))rrBe the effects of other process
constraints, energy efficiency is improved if mmtages are added. There are
however other constraints that limit this. For amste, the achieved dehumidification
capacity which determines the adsorbent system rbatance depends on the
operating conditions and the adsorbent materigbgnees, specifically, water-vapor
sorption properties:

Fa](Yamo — Yaa ) + (Yaour — Yare )] = Overall sorption capacity
= f,(adsorbentpropertie$ 67
The regenerator system must take up this wateatisfg the mass balance and so the
required regeneration air flow increases with tineoant of water adsorbed. The
adsorbent regeneration energy teQmg in turn increases with the regeneration air
flowrate by the expression

QReg = FaRL(Cpa +YaRir1va)(TaRim _Tarinl) + I:aR2 (Cpa +YaRir2va)(TaRir2 _TarinZ) (68)
The required regeneration temperatures are furcibthe adsorbent properties
[Tari, Tarinz] = f2(adsorbent properties) (6.9)

The inclusion of the adsorbent system contributesitpely to overall system
performance due to the release of adsorption me#te adsorbers which enhances
drying potentials. Unlike conventional dryers whisfould require utility heaters to
achieve higher drying temperatures, the dryer it@etperatures in adsorption dryers
are increased by sorption heat contributions whish depend on material properties

[Taar, Taa2] = fa(adsorbent properties) (6.10)

The foregoing discussion highlights the potent@fighe following for performance
improvement:

1. Adding to the dryer, a unit with opposite statasition (6.5 and 6.6)

2. Consideration of other factors such as adsorpti@macteristics (6.7)

3. Consideration of ease of regeneration and correipgrenergy requirements
(6.8) and (6.9)

4. Consideration of sorption heat effects (6.10)

We need a method that incorporates all these isS@esion 6.3 provides this method.
Since the key variables that determine performaae functions of adsorbent
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properties as shown in (6.5) - (6.10), adsorbeopgrties are part of the optimization
decision variables. Rather than advancing the gynegr an ad-hoc manner (e.g. by
fixing the properties of the system componentsg ik most previous hybrid dryer
design cases, a superstructure model of adsongess ts postulated and the optimal
system derived by solving the resulting MINLP peahl

6.3. Superstructure development: description, mathmatical modeling and
optimization

To find the adsorption drying process that maxignakploits synergy among system
components to extend energy performance, it is itapb to explore as many as
possible adsorbent options. However, the probleooines highly combinatorial and
so achieving a solution would involve several, @talg, infinite number of existing

adsorbent options. This problem is circumventedfdiynulating a superstructure
model of alternatives, which lumps all possibleadent behaviors, into a general
isotherm structure. These isotherms, regardledteoparticular adsorbent involved
have been classified into types 1 to 5 (Brunauel.etl940). The type 1 isotherm is
largely described by the Langmuir equation (Loveltl Shields, 1991); the types 2
and 3 isotherms have been shown to be well-fitiethb BET equation (Thibodeaux,
1996) while types 4 and 5 isotherms are reasondbBcribed by the Dubinin-

Astakhov equations (Stoeckli, 1998). Hence, in tkerk, all isotherms are

categorized in three as shown in the process dupexge model of Fig. 6.2.

Category 1 corresponds to the type 1 behavior, lwiscapplicable to microporous
adsorbents described by monolayer adsorption. Gateégcorresponds to types 2 and
3 applicable to macroporous adsorbents describeahliflayer adsorption with the

type 2 having the stronger adsorbate-adsorbentitgffiCategory 3 corresponds to
systems with types 4 and 5 water-vapor sorptioratiehn applicable to mesoporous
adsorbents whose description includes capillaryeosation. The Dubinin-Astakhov
model is modified (Moore and Serbezov, 2005) asual-thechanism adsorption
potential equation. The isotherm model equations tfee three categories of
adsorbents are described respectively by

X apse = XoibP/1+bP (6.11)
X anse = XoVW[([1-w)(1+(V -1)w)] (6.12)
X apse = Xosz eXd— A/G)m + Xoa eXd— A/H )m (613)
where

b = b exp(— Ei/RT ) (6.14)
W= P/ P (6.15)
A=RTIn(Ry/P) 16)
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Fig. 6.2. Superstructure model of a two-stage gqu&or drying process

Let | ={i:i=1..M} and J={j:j=1..N} be the category of adsorberitin stage of the
system. The first ten continuous variableg;in

% =[Xor Xoo Xos Xoa b EV G H M T R K R i0l j0J(6.17)

consist of parameters of the isotherm models (6-21§6.13) describing each
adsorbent isotherm type in the superstructure. &heslude sorption capacities,
sorption heat and other thermodynamic parameteas #ppear in the lumped
superstructure isotherm model as shown in TableThe parameters are constrained
to be within ranges that are realistic relativedported cases for existing adsorbents
(see Table 6.2 for parameter values, literaturecgsuand constraints used in the
optimization). Operating conditions like adsorbdidw speed, regeneration air
flowrate and inlet temperature are also includedastinuous decision variables. The
discrete variable consists in choosing which adsarisotherm type is most favorable
for energy efficient drying per stage and whichdarct-air flow configuration is best
(co- or counter-current).

The mass balance for each adsorber and regenera¢oe subscript represents the
adsorbent is given by

in'
Youtij = Yinij _?J(Xzoutij - Xzinj) (618)

a
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Table 6.2. Adsorbent behavioral parameters ancegatom literature

Parameter Description Valué'ee Constraints

Xo1 kgkg®  Sorption capacity I0.18)%““’“”““ etal. 2011 10,1939 ¢ 0.15¢X(,<0.3
al., 2009

Xookgkg®  Sorption capacity 0.0059, 0.08&csand v 2001 "0 092 0.005X(,<0.25

(Ferreira et al., 2011)

Xoskgkg!  Sorption capacity due to  0.2753("akand Knaebel, 19¢ ' 1736 0.15<X05<0.3

chemi- & physi-sorption (Moore and Serbezov, 2005b 33(Chakrabony etal,
2003) T

Xoskgkg®  Sorption capacity dueto  0.07302Fakand Knaebel, 19¢ g 355 0.05X0,<0.4
Capillary condensation (Moore and Serbezov, 2005)
b, Pa' adsorption to desorption rate5.62x1 0! (Auenwuetal, 2011 '3 ng7 2x10"<by<7x10"
constant Xlo-ll (Simo et al., 2009)
EkJ/mol  Adsorption heat | -51.)221‘”"““““ etal, 2011 57 g5Smoet  _gx1(*<E<-5x10*
al., 2009
V- Energy constant | 14.6)3@’”6"3 etal, 201 19 ggglFerrerae  1<y<15
al., 2011
GkJ/mol  Adsorption heat 3.44 37" and Knaebel 13¢ 7 gogMoore 1y ] F<G<8x10°
and Serbezov, 200,5)3.72(Ferreira etal, 2011)
H kJ/mol  Adsorption heat 10.93Fark and Knaebel, 19¢ /g gga(Moore gy 1 P<H<1.1x10
and Serbezov, 2005)
m- Heterogeneity parameter (P2rk and Knaebel, 19¢ 1 (Moore and Serbezo 0.8§m§3.5

)
2005 Ferreira et al., 2011
)' 0_9( )

whereYy represents the outlet air humidities afydthe inlet valuesXz, andXzou:the
solid inlet and outlet moisture contents respebtive

The energy balances of the sorption system statdhb aggregate sensible and latent
heat of the outlet air equals the algebraic surthefinlet air sensible and latent heat
and the released (or absorbed) sorption heat

Toui = Fai ((Cpa +Yaniijv)Tainij + (A H, + Hads)(Yainij _Yaoutij)) + F ((szij + Xziniijw)Tzinij) (6.19)
J Faij (Cpa +Yaouti|va) + FSij (szij + Xzoutippw)

The same energy balance is used for the dryer extajpthe sorption heat terhiygs
is negligible (Atuonwu et al., 2011a) and subsceaps replaced by. Moreover,
Tou=Tapout fOr the dryer, Tarout fOr the regenerator andl,a for the adsorber. The
adsorption hedtl,qsis given by the Claussius-Clapeyron relation

Haos =—RT’(0InP/3T), . (6.20)
The integer variable defining adsorbent categoojashper stage is
y; 0{og} icn joy (6.21)

Logical constraints are defined as follows: sinbe tise of only one adsorbent is
permissible per stage,
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i=M
Vi =1 j 0J (6)22
1

If L; represents any output variable (e.g. air humidittemperaturel, adsorbent

moisture content rati®) from each adsorbent stage, ther,ifis the value for each
adsorbent category,

i=M
Li=> vk O (6.23)

i=1

The two stage system can be operated in eithesramunter-current, which results in
the following product coupling constraints:

For co-current operation,

PG :{Xpini = Xpi-1; Tpinj = Tpj-15 Xpo = Xopin; Tpo = Tpin; Xpn = Xopfinal; Tpj STpmax} (6.24)
For counter-current operation,

PG :{Xpinj = Xopjea; Tpinj = Tpjsa; Xpm = Xopin; Tpm = Tpin; X = Xopfina; Tpy STpmax} (6.25)

If vi andv, be integer variables representing the existena®afurrent and counter-
current product-air flows respectively, the effeetcoupling constraint is

PC=uPC, +v,PC, (626)
The dryer mass balances for co-current and cowntertt operations are respectively

Fp(x pout-1 Xpouij ) =Fa (YaouI; _Yainj ) xpout] = xpin (627)
Fp (X pout-1 Xpout,= ) =k (Yaoutsm_j _YairN+1_j ) (628)

The overall dryer mass balance is

Fo(Xpin = Xp) = Fa[Va (Yaous =Yain )+ V2 (Yaou, = Yaines, )] (6.29)
where
v +v, =1, v, v 0{ 0} (6.30)

The goal of the study is to design the adsorbestegy properties, operational
sequences and conditions that minimize the totatggnconsumed when drying a
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given product to specified moisture content. Hehe, product at 72kg/h dry mass
flowrate is dried from a moisture content of 100t65 kg water/kg dry product, the
drying air temperature is constrained to 50°C fuyybehavior described in Atuonwu
et al. (2011a)). The total energy consumed is time sf the regeneration inputs over
the entire search space:

i=M j=N
Qn (Xij ’ yij ,V1Tarin2): ZZ yij FaRij (Cpa +YaRir] va)(TaRin _Tarin, ) | D I ’ J D \],Tarinl = Tamb (631)

=1 j=1

The MINLP optimization problem is therefore formigld as minimize process energy
consumption (6.31) subject to constraints (6.1Xbt80).

The corresponding energy efficiengyis defined as the ratio of the latent heat of
water evaporated to the energy consumption:

n= Fp(xpinq' X;)AH, (6.32)

where4H, is the specific latent heat of vaporization of evat

The problem is implemented in TOMLAB® Optimizatiosoftware (TOMLAB
Optimization Inc. Seattle WA) using the “KNITRO”|ser which uses the branch and
bound method by which integer constraints are fetdxed and the NLP relaxation
solved to obtain the lower bound on the integeiabde. For each integer variable
with non-integer solutions, new bound constraints added to form two new NLP
problems. The NLP relaxation is solved with intenmint methods. To ensure the
solution is as close as possible to the globahwpti, the solver employs a multi-start
procedure, which generates multiple new start gdigtrandomly selecting values of
continuous variables that satisfy the variable loisuin a second step, heat recovery
from the regenerator outlet is considered to furthgprove energy performance.

6.4. Results and Discussion
6.4.1. Adsorbent property optimization and enerffigiency analysis

Fig. 6.3 shows the adsorbent-water vapor isotheehawor (for a range of
temperatures) of the derived optimal adsorbentspage for the process with property
constraint behavior shown in Table 6.3. From tleilts, the adsorbents with type 1
(Langmuir) water vapor sorption behavior are optifoathe first stage of the drying
system while in the second stage; adsorbents it 4 or 5 behavior take priority.
Ambient air dehumidification which occurs in thesfi stage requires a type 1
adsorbent (example, zeolite) while exhaust air dedification in the second uses a
type 4 or 5 isotherm-based adsorbent (exampleasyel). Sorption capacity-vapour
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Fig. 6.3. Adsorbent-water vapour sorption isothefonsa range of temperatures for optimal adsorbent
choices per stage showing type 1 in first stag¥) @ad type 4 (or 5) in second stage (right)

Table 6.3. Adsorbent parameters and their constoginaviors in optimization (DNF means “Does not
feature” in the solution)

Parameter Description Constraints Behavior
Xo1 kgkg! Sorption capacity 0.15X(;<0.3 Active: upper limit
Xo2kgkg™ Sorption capacity 0.005X2<0.25 Inactive (DNF)

Xoskgkg®  Sorption capacity due to chemi& physi-sorption 0.15X,3<0.3 Active: upper limit
Xoskgkg®  Sorption capacity due to capillary condensation 0.05<X,,<0.4 Active: upper limit

b, Pa’ adsorption to desorption rate constant  2x10"<b,<7x10" Active: lower limit
E kJ/mol Adsorption heat -6x10'<E<-5x10" Inactive
V- Energy constant 1<v<15 Inactive (DNF)
G kJd/mol Adsorption heat 1x10P<G<8x10’ Inactive
H kJ/mol Adsorption heat 8x10P<H<1.1x1d Inactive
m - Heterogeneity parameter 0.8<m<3.5 Active: lower limit

pressure matching is observed. The adsorbent cliosambient air dehumidification
has a higher sorption capacity at lower drying\apour pressures while for the
moister higher vapour pressuréstage dryer exhaust air, another adsorbent oehigh
sorption capacity in that operating region is cimogég. 6.4 shows a state transition
diagram of the process air on a psychrometric dioarthe optimal adsorption dryer
and an equivalent conventional dryer with numbexifhgo 5 representing streams in
the flowsheet of Fig. 6.5. The processes correspgnid the transitions in Fig. 6.4
are explained in Table 6.4. The total drying cagyador the adsorption dryer
(measured by summing the values of humidity chaagesciated with the transitions
2 — 3" and 3" — 5, Fig. 6.4) is about 0.015kg tea per kg dry air. For the
conventional dryer (1’ — 2c and 1c — 4c), it isGBBkg water per kg dry air. Hence,
the conventional dryer requires 76% more air fa&@ fame water evaporation. In
addition, it does not benefit from sorption hedéase so the energy required to heat
this large air flow to the desired temperatureogrsed from utilities. Moreover, due
to the low temperature of the exhaust at 3c (clossambient) the exhaust heat cannot
be economically used to preheat the inlet ambient a
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Adsorption
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Fig. 6.4. Psychrometric chart showing the statesiteons of the process air at each point on the
optimal adsorption and equivalent conventional dry&he routes of the adsorption dryer and the
conventional dryer through the chart are givenabl€ 6.4. Product air equilibrium is assumed at 60%

relative humidity.

Table 6.4. Description of state transition processeFig. 6.4

State Process (Adsorption dryer ) State Process(Conventional dryer)

transition transition

1-2 First-stage adsorbent dehumidification 1'-=1" First-stage air heating

1m-2 Corresponding sorption heat release 1lec- First-stage product drying

1-1" Corresponding dehumidification1’ — 2¢ First-stage  product  drying
capacity. capacity

2-3 First stage product drying lc-2c Secondestdar heating

2-3" First-stage product drying capacity 2c — 3c Second-stage product drying

3-4 Second-stage adsorberitc — 4c Second-stage product drying
dehumidification capacity

3"-4 Corresponding sorption heat release

3-3” Corresponding dehumidification
capacity

4-5 Second stage product drying

3"-5 Second stage drying capacity

ﬂl.gt/h l‘ 16.3t/h

Fig. 6.5. Optimal drying system: Drying air flow»0°kg/h, Regeneration air flow 3.810°%g/h,
Specific Energy Consumption=1785kJ/kg without heabvery, 1345 kJ/kg with heat recovery
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Fig. 6.6 shows the regeneration air conditionshef doptimal adsorption dryer with
numberings also represented on Fig. 6.5. Heat rement matching is observed. The
optimal operating conditions shows the requiregenegation air inlet temperature for
the second stage adsorbent equals the first stagmerator exhaust air temperature
(streams 10 & 11 are coincident, see Fig. 6.6).sTlHeater2, Fig. 6.5 is redundant.
Also, the flowrate (speed) of the second-stage rédgsd is 16.3 t/h which is much
higher than that of the first stage which is retatras 1.9 t/h (Fig. 6.5). This implies
the second-stage wheel behavior is optimized fbaegt heat recovery while the first
stage is optimized for air dehumidification. Ovér#hese effects in addition to the
enhanced drying capacity ensure a highly energgiefit system that improves
further with heat recoverylhe specific energy consumption is 1785kJ/kg ofewat
evaporated which corresponds to about 57% reducbompared to the conventional
dryer (4167 kJ/kg) for which there is no beneficibkat integration. The
corresponding energy efficiencies are 140% and 6&ectively.

When the second-stage regenerator exhausts (str2an140°C) is used to pre-heat
the ambient air to the first (stream 8 at 25°Cg #mbient air heats up to 120°C,
recovering part of the heat. Specific energy consion reduces to 1345 kJ/kg (about
70% reduction compared to the conventional systanger the stated adsorbent
property constraints. It should however be noted the optimal solution hits some
adsorbent property constraints. The type 1 sargtapacityXo; constraint is active at
the upper limit 50% higher than that reported farealite type (Simo et al., 2009),
while the type 4(or 5) sorption capacitiés and Xy, are respectively active at limits
45% and 23% above that for silica gel (Park andeked 1992). The lower limit
constraints hit are the ratip of adsorption to regeneration rate constants (33t
than that for zeolite (Simo et al., 2009)) surfdederogeneity parameten (60%
lower than that for silica gel (Park and Knaeb8R2)). The constraint behaviors also
presented in Table 3 show that high sorption caieacisurface heterogeneities and
ratios of regeneration rate to adsorption rate teoiis are desirable properties in
energy-efficient drying applications. In choosirdgarbents for drying applications it
is therefore important to look out for adsorbentsvihg high values of these
properties. The sensitivity analysis results tr@lotv show how variations in the
constraints on these active parameters affectraygegformance.

¥ 0z ‘ ‘
2 --0.1%—60%
S 12
1S
2 0.1 10, 11
2
= 0.05
o
2 e
< 0 L re——— :
0 100 200 300 400

Operating temperature (°C)

Fig. 6.6. Psychrometric chart showing regeneragiorconditions for optimal system
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6.4.2. Sensitivity analysis

Fig. 6.7(a), (b) and (c) show respectively, thesgesities of the first stage adsorbent
flowrate, regeneration air flowrate and the coroegbing system energy efficiency to
the category 1 active parameter variations (adsorpd desorption rate constant ratio
and monolayer sorption capacity). A reduction irrpson capacity means the
adsorbent wheel has to rotate faster in compemsttimeet the same drying capacity

1st Stage adsorbe

flowrate (t/h)

N
?
\
|
1
1
\
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Fig. 6.7a. Sensitivity of*Istage adsorbent flowrate to parame¥grsandb,
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Energy efficienc
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6.7b. Sensitivity of regeneration air flowrdteparameterX,; andby

i} 4
x 10" Ratio of adsorptionto 5 0.2 Monolayer sorptiot
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Fig. 6.7c. Sensitivity of system energy efficieioyparameterX,; andb,
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requirements. This places higher regenerationl@iv/femperature requirements and
more energy consumption. Energy efficiency theeefeduces. The second wheel
does not follow the trend but behaves in such a asyto satisfy overall mass

balances. For Fig. 6.8(a), (b) and (c) which comstte sensitivities of the first stage
adsorbent flowrate, regeneration air flowrate amel ¢orresponding system energy
efficiency with respect to the second-stage adsarparameter variations, similar

results are obtained. High sorption capacities rfasoergy performance. A high

surface heterogeneity which corresponds to a Iduevaf heterogeneity parametar

flowrate (t/h)

1st stage adsorbe

0.3
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Sorption capacity by chemy- 05
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Fig. 6.8a. Sensitivity of*Lstage adsorbent flowrate to parame¥gsandm
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Fig. 6.8b. Sensitivity of regeneration air flowraeparameterx,; andm
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Fig. 6.8c. Sensitivity of system energy efficietoyparameterXy; andm
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(Dobruskin, 1998) also favors energy efficienay.choosing adsorbents for drying
applications therefore, these properties shouldctesidered. Another important
parameter, “adsorption heat” is inactive during dipéimization. A reason is the fact
that although high sorption heat promotes adsanmiod hence drying capacity, it is
also synonymous with high regeneration temperategeirements. A high or low
adsorption heat therefore does not necessarilyrfarergy performance. The
parameters corresponding to the category 2 adsisridlennot feature in the optimal
solution and so do not form part of the active ¢@ists. From the results it can be
inferred that high sorption capacities, surfaceettgjeneities and regeneration to
adsorption rate constant ratios are desirable ptiepdor any adsorbent to be used in
energy-efficient drying applications. To maintainetsame dehumidification and
hence product drying capacity for lower valueshafse property variables, adsorbent
circulation rate and regeneration air flow/tempamatwould be increased, implying
higher energy consumption.

6.5. Conclusion

In this work, the synergy between two complementamit operations — adsorbent
dehumidification and drying has been analyzed andiiged integer nonlinear
programming approach developed to optimize enemgyyopmance in a two-stage
system. Combined with active constraint analysiee &adsorbent properties that
promote energy performance have been derived. fRbremt air dehumidification as
occurs in the first stage, microporous adsorbents higher sorption capacities at
low vapor pressures and requiring higher reger@raémperatures are preferred. For
exhaust air dehumidification, mesoporous adsorbenith lower regeneration
temperatures are preferred such that the exhausbai the first regeneration stage
can sufficiently regenerate them without the nemdektra utility energy supply. For
any operating condition per-stage, high sorptiopac#ies, surface heterogeneities
and regeneration to adsorption rate constant radi@s shown to be favorable.
Sensitivity analysis of system behavior revealst tha maintain the same
dehumidification for lower values of these propervgriables, adsorbent circulation
rate and regeneration air flow/temperature wouldif&eased, implying higher
energy consumption. Under the studied constraint@asorbent properties, energy
consumed is about 1345 kJ/kg of water evaporatéd lv@at integration as against the
4167 kJ/kg consumed in equivalent conventional rdryd@his represents a 70%
reduction. Using adsorbents with such propertiesbetter, such low energy
consumption can be achieved or surpassed. It s tbcommended to explore the
application to drying processes of novel adsorbdeteloped for various other uses.
The results demonstrate the superstructure optiloizanethod as being useful not
only for determining optimal operating conditionsdastructure of process systems
but determining the optimal properties of unit @tem components. For the studied
case, it is found useful in choosing adsorbentsdfging applications while at the
same time matching the drying process with the loiéipas of the adsorbents to
enhance process synergy for improved energy efitgie
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On the controllability and energy sensitivity of hat-
integrated desiccant adsorption dryers

Published as Atuonwu, J.C., Straten, G. van., DeveH.C. van., Boxtel, A.J.B. van
(2012). On the controllability and energy sendiyivof heat-integrated desiccant
adsorption dryersChemical Engineering Scien8@, 134-147.

Abstract

This work studies the controllability of heat-intated zeolite adsorption dryers.
Mean product moisture content, temperature and muita C concentration
(representative of product quality) are considemsdcontrolled variables. Set-point
tracking and disturbance rejection controllabihtyetrics are considered in addition to
energy performance sensitivity. In adsorption dsydre adsorption system introduces
extra degrees of freedom of which some input-outpairs are promising. For
corresponding inputs, adsorption dryers are shawnaive higher steady-state gains
than equivalent conventional dryers due to cornialabetween dehumidification,
adsorption heat and the controlled variables. Tédeg show improved resilience to
ambient air disturbances due to adsorbent subsystunced self-regulation
properties. The encouraging mechanisms of thersgiilation are adsorption heat,
kinetic and equilibrium properties of the adsorbedtie to the high correlation
between product moisture content and temperatungroved controllability is
observed when vitamin C concentration is used a®wput variable instead of
product temperature. It is thus proposed that erathailability of reliable soft sensors
or state estimators, instead of product temperatuitamin C or some other
temperature-dependent quality measure should beotled in addition to product
moisture in decentralized drying system control. dein perfect rejection of
unfavourable disturbances like ambient temperating and humidity rise, the
energy performance of adsorption dryers is notiiggmtly degraded, whereas, it is
for conventional systems.

Keywords Drying, Desiccant adsorption, Process controlnt@ilability analysis,
Energy, Food processing

7.1. Introduction

Drying is an energy intensive unit operation. Asgwgra 100% energy efficient dryer,
the theoretical amount of heat required to evapoléy of free water from a product
is in the order of 2.5MJ. Yet, limitations imposbky product heating, presence of
bound water and hence, falling rate period of dyyimeat losses, among other things
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mean that conventional dryers are far less tha®aléfiicient. Energy efficiencies of
conventional convective dryers are usually in thege of 20 — 60% (Mujumdar,
2007b). With about 60000 products dried in appicaidomains spanning virtually
all industrial process systems, it comes as noriserghat drying consumes about 10 —
25% of the national industrial energy of the depeldb world (Mujumdar, 2004b). In
all drying applications, it is required that theedr product be of acceptable quality.
This requirement becomes more necessary when dhgagsensitive products like
food and pharmaceuticals which incidentally greatipact daily life. In addition to
traditional issues like drying to optimal storagmditions and weight reduction for
easier transportation, many new quality indicatemserge. For instance, nutrient
retention, flavor, microbial safety in food systeamsl stability of active ingredients in
pharmaceutical systems must be assured thus netessprecise control of drying
conditions. A review (Dufour, 2006) of researchoet on control applications in
drying technology corroborates this as applicatiamsfood and pharmaceutical
processes together account for about 73% of alighédl articles on dryer control up
till 2005. Over the years, many new technologiesehbeen developed towards
improving energy efficiency and product quality. wkver, without good control,
these improvements could be lost (Robinson, 19%2Yiaturbances, propagating
through the dryer may result in off-spec produatefficient operation, and even
safety problems. It therefore becomes necessasnsore these innovative drying
systems also have good controllability properties.

Adsorption drying has been identified as a meanisnpfoving energy efficiency in
low temperature drying suitable for heat sensipveducts like food (Atuonwu et al.,
2011a, b). In this method, ambient air is dehunadifby passing through an
adsorbent system (e.g. zeolite) before contactiegatet product so the driving force
for drying at low temperatures is increased. Adsornpheat is released in the process.
Although energy is spent on regenerating the agssit has been shown (Atuonwu
et al., 2011a) that optimizing the drying air, negeation air and zeolite flowrates as
well as regeneration air inlet temperature intreducet energy advantages. The
energy spent on regeneration under optimal comditis less than the energy gain
associated with the increased moisture carryingaaap of the air due to
dehumidification and adsorption heat release. Th®rall energy efficiency is
improved while drying temperature is constrained good product quality. This
improvement in efficiency becomes more significaten part of the energy of the
regenerator exhausts is recovered using heat egetmanThe introduction of the
adsorption-regeneration subsystem with its recyolgps and the heat recovery
however increase the complexity of the system sb tontrollability becomes an
important issue for consideration. This work fosusen the ease with which
decentralized control can be satisfactorily appt@én adsorption drying system for
set-point tracking, disturbance rejection and optienergy and quality performance
using well-established controllability indicatoré&lthough the last decade has
witnessed a proliferation of advanced multivariatmetrol techniques like Model
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Predictive Control, multi-loop decentralized feeckha@ontrol based on Proportional-
Integral-Derivative (PID) controllers still remainthe “workhorse” of industrial
process control. It constitutes over 90% of allusigial control loops (Astrom and
Hagglund, 2006) and is still the main control toodrying processes (Dufour, 2006)
due to the simplicity, relatively low cost, easeimplementation, proven nature and
general industrial acceptance. Controllability gael using multi-loop controllability
indices is thus still very important for emerginggesses.

Not much work has been done on the controllabdftgryers. One major treatment of
the subject is Langrish (1998) who examined therodability of high temperature
conventional dryers operating at 400°C and usetinmber veneer drying from a
moisture content of 1.35 to 0.15kg/kg. Controllapilndices used in that study are
the relative gain arrayRGA process condition numbePCN, Morari integral
controllability MIC and Niederlinski stability criteriohl. The drying system studied
was a square plant characterized by two inputs,athdlowrate and the fuel gas
flowrate and two outputs, the solids moisture contnd temperaturdRGA results
indicated the preferred pairings as (solids outetperature-inlet air flowrate) and
(solids outlet moisture content-fuel gas flowrahen up to 30% of the exhaust air
is recycled, the preferred pairings are changed #red system becomes less
controllable. It can therefore be concluded fromattktudy that recycling reduces
controllability which is consistent with the resultf several researchers (Kumar and
Daoutidis, 2002; Horvarth and Mizsey, 2009). Thieraction of energy performance
and controllability was not investigated. BerghatlaRenstrom (2004) investigated
the controllability of a spouted bed dryer usedliging non-screened sawdust with
air and superheated steam as drying media. Onlynme, feed-rate and one output,
product moisture content, were considered. Oguraalet (2005) studied the
controllability of hot air production in chemicale&t pump assisted dryers and
concluded that the hot air temperature can be altedr by adjusting the reactor
temperature, pressure or thermal power input. Mecently, Ortega et al. (2007) used
pole-zero analysis, singular value decompositiod RGA analysis to analyze the
controllability of a rotary dryerCN, MIC andNI all do not completely consider the
disturbance rejection properties of the systemtutiince rejection is, however, the
main objective of process control (Skogestad andakio1987; Chang and Yu, 1992)
in general and for drying systems in particular rgheisturbances have high effects
on product quality (Dufour, 2006). In the cited dies, neither disturbance rejection
nor energy sensitivity and product quality was stigated.

The objective of this work is to assess the colabdity of a heat-integrated
adsorption dryer in comparison with equivalent cartional dryers while evaluating
the sensitivity of energy performance to disturlemnavhich also relates with
controllability. In addition to traditional outpuigke product moisture content and
temperature, vitamin C concentration, a main quatitlicator, is taken as an output.
Vitamin C, while itself is important in many driédod products, stands here mainly
as a model for any thermo-degradable quality atteib
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7.2. Process description

The adsorption drying process consists of the dryerat sources, a zeolite
adsorption/regeneration system usually realizedabgontinuously rotating zeolite-
coated wheel successively passing through adsarptid regeneration sections and a
heat exchanger for heat recovery. As shown inFify.ambient air is dehumidified in
a zeolite adsorber and heated (in Heater2) befemegbused for drying the wet
product in the dryer. The dehumidification is acpamied by the release of
adsorption heat the magnitude of which is propogioto the amount of water
adsorbed. Meanwhile, the spent zeolite is regeeerasing hot air obtained by
passing ambient air through Heaterl. To regainratiso capacity after regeneration,
the hot zeolite is cooled between the regeneratdraalsorber. The exhaust air from
the regenerator is hot and is used to preheat atailethrough heat exchanger HX1
before being fed to Heaterl.

The system is represented in state space form (ftuet al., 2011a) as

dx _
T f(x,u,d) (7.2)

Wheref is a nonlinear vector-valued function. The statput and disturbance vectors
in this work are respectively

X = [Xp Tp XzA TzA XzR TzR YaD TaD YaA TaA YaR TaR N p TX Ty]T (72)
U=[Qu Qv Fu F. Fuf (7.3)
d= [Fp X pin Tamb Yamb]T (74)

Yaa Tan

Dehumidified air

YaA,TaDin

Zeolite
loop

Adsorber

Cooler

Ambient air  Faa Yamb amb Wet product Dry product
Fig. 7.1. Heat-integrated adsorption dryer
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The overall output vector is
y=[Xo To NJ (7.5)

whereX,, X;a andX;r are the outlet moisture contents (kg/kg dry sadiche product,
adsorber and regenerator zeolite respectively while T, and T,z are the
corresponding temperatures (°®)p, Yaa andY,gr are the absolute humidities (kg/kg
dry air) of the air from the dryer, adsorber angergerator respectively whilkp, Taa
and Tar are the corresponding temperaturBsand T, are the heat exchanger outlet
temperatures on the cold and hot stream sidesatasglg.

To indicate product quality which is very importaint food drying applications,
vitamin C concentratiofN, (normalized as a percentage of the initial or mmaxn
value) is included as a state variable. Of the isiwhich are derived from degree of
freedom analysis)Qn: is the heat input (Heaterl) to the regeneratiomwdiile Qn; is
the heat input (Heater2) to the drying air. Botim ¢@ manipulated by changing
variables like fuel flowrates in fuel-fired systemss heating current in electrical
heating systemsk,4, F; and F,r are the flowrates of the drying air, zeolite and
regeneration air respectively. The disturbance abdes are feed flowratef,
moisture conteniXyn, ambient air humidityYamp and temperaturdam, Detailed
information on the model is available in Chaptenf2the thesis and elsewhere
(Atuonwu et al., 2011a, c) with the vitamin C modirived from Mishkin et al.
(1983), see Appendix C. The steady-state operatnglitions are as shown in Table
7.1. These steady-state operating conditions argedbaon energy efficiency
optimization of the system (Atuonwu et al., 2011a).

Traditionally, product moisture content and tempe®aare output variables in drying
systems (Langrish, 1998; Langrish and Harvey, 2@@@tel-Jabbar, et al., 2005; Luz
et al.,, 2010). Product moisture content can berdeghas the main output variable
since the objective of drying is to reduce the muwés content to an optimal value.
Also, good moisture content control has been shtwmprove energy efficiency
(Wang et al., 2009). Product temperature is usualtjuded to gauge some other
guality measure. It is generally observed thatitdmin C is well retained in foods,
other nutrients are also well retained so vitamica@ be taken as an index of nutrient
quality of foods (Marfil et al., 2008). Thus, inighwork, the output variables are
product moisture content, temperature and vitamaoentration.

For the manipulated inputs there is the possibility of replacing the heat itspiny
the corresponding temperatures, Qg: is replaced by arin andQnz by Tapin. Here it
is assumed the temperatures are controlled by psérey control loops and can be
manipulated directly either automatically (e.g. asset-point in cascade control
systems) or manually. This approach is common ad fdrying applications where
precise temperature control is important.
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Table 7.1. Steady-state values of input and siatakles

Input Description Value  States Description Value
Q.. Heat input to regenerator 9.04x10 Xp Dried product outlet moisture 0.05
air (kJ/h) content (kg/kg)
Qh2 Heat input to drying air ~ 3.6x10 Tp Dried product outlet temperature 50
(kJ/h) (°C)
Faa  Drying air flowrate (kg/h)  5.3x10 Xa Adsorber zeolite outlet moisture 0.1664
content (kg/kg)
F, Zeolite flowrate (kg/h) 4.12xf0 T,»  Adsorber zeolite outlet temperature 50
(°C)
F.r Regenerator air flowrate 3.71x16  X,r Regenerator zeolite outlet moisture0.0868
(kg/h) (kg/kg)
TR Regenerator zeolite outlet 170

temperature (°C)
Yad Drying air outlet absolute humidity 0.0106

(kgrkg)
Taout  Drying air outlet temperature (°C) 32
Yan Adsorber air outlet absolute 0.0038
humidity (kg/kg)
Taa Adsorber air outlet temperature 50
°C)
Yar Regenerator air outlet absolute 0.0982
humidity (kg/kg)
Tar Regenerator air outlet temperature 170
°C)
N, Normalized vitamin C 76
concentration (%)
Ty Heat exchanger outlet air 160

temperature (°C)

Heater

Ambient air

Wet product Dry product

Qh2

Fig. 7.2. Heat-integrated conventional dryer

Based on the foregoing, the following cases aresidened in this study:

1. Control of product moisture conteK} and vitamin C concentratioN, with
possible inputs ashi, Qnz, Fa, Fz Far

Control of X, andN, with the following inputs Tarin Tapin, Faa, Fz Farl

Control of X, and product temperatuiig with the following possible inputs

[th) Qh2| FaA, FZI FaR]
4. Control of X, andT, with the following inputs Tarin, Tapin, Faa Fz Farl

wn
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In all these cases, comparisons are made with anvagnt heat-integrated
conventional dryer without an adsorbent system\aitladl heat recovered through the
dryer exhaust air (see Fig. 7.2).

7.3. Controllability analysis

The basis for the current study is the input-outpantrollability (Skogestad, 1996)
defined as the ability to keep the outputs of desyswithin specified bounds in spite
of unknown variations in the plant (e.g. disturbesxand model perturbations) using
available inputs and measurements. Input-outputralbability follows from the
properties of the process and is independent dfifspeontroller design. The main
purpose of this work is to evaluate the controligbiand energy performance
sensitivity of the heat-integrated adsorption drnyelependent of specific controller
design. Different input-output pairing possibilgi@re investigated and comparisons
made with conventional dryers. Specific transiegtidviors in closed-loop depend on
actual controller design and tuning which is noit g the current study. Various
controllability indices have appeared in literatuveer the years, each with its
significance, advantages and limitations. Examplesthe Relative Gain ArradgGA
(Bristol, 1966), the Niederlinski indeNI (Niederlinski, 1971), the Single Input
EffectivenessSIE (Cao and Rossiter, 1997), amongst others. Thees-af@ntioned
controllability indices are primarily concerned wiet-point tracking using available
inputs. Controllability measures that indicate tepacity of the system to reject
disturbances include Disturbance Condition Numb&N (Skogestad and Morari,
1987), Closed-loop Disturbance GawiDG (Hovd and Skogestad, 1992), amongst
others. Comprehensive reviews of controllabilitydiges, their definitions and
applications are available elsewhere (Ricardez-@aaldet al., 2009; Yuan et al.,
2011). Table 7.2 shows a summary of the definitsignificance and interpretation of
each of the indices used in this work.

Dufour (2006) classified drying problems in two egdries: regulation (set-point
tracking and disturbance rejection) and optimizatiproblems. Since 1998,
publications relating to optimal control have irased by a factor of 10 while those
relating to regulation increased by a factor of Bufour, 2006). This is not
unconnected with the increasing need to optimiyerdperformance, e.g. in terms of
energy efficiency and product quality as againsttthditional control of some states
like product moisture content and temperature. B&maten and Van Boxtel (1996)
emphasized the need for goal oriented control gemdr and indeed other process
systems as against mere temperature regulationngance. It is thus, useful to
determine the sensitivities of performance measyesg. energy efficiencies) to
disturbances if the outputs are held constant.di$eussions that follow evaluate the
controllability of heat-integrated adsorption diyevith respect to set-point tracking
and disturbance rejection. Thereafter, for onehefgromising control structures, the
sensitivity of energy performance to disturbancesevaluated. In each case,
comparisons are made with equivalent conventionedrd.
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Table 7.2. Definition, significance and interpréiatof the various indices used in this work

Index

Definition and significance Interpretation

RGA

NI

PCN

SIE

CLDG

DCN

It is a normalized form of the systeni-or each RGA element: if 1, the corresponding
gain matrix in which each elemeninput-output pairing is perfect — no interactiorttwi
denotes the ratio of the open loop gaiather loops. If 0, the specific input has no cohtro
to the corresponding closed loop gaireffect on the output. If greater than 0 but lesnth
The open loop gain is the ratio of d, closed loop interaction increases gain.
specific output to a specific input wherinteraction most severe for RGA=0.5. If greater
all other inputs are inactive (i.e. athan 1, interaction reduces gain, leading to atplan
nominal values) while the closed looghat is more difficult to control.. Interaction neor
gain is the ratio when all other inputsevere as number increases. If negative, closed
act so, all outputs are kept constant. lleop gain is in opposite direction to open loopngai
a square RGA, rows and columns eadnd the corresponding pairing should be avoided.
add up to 1.

Ratio of the determinant of the procesE negative, the closed loop system is unstable
gain matrix to the product of theunder Pl control with positive loop gain and
diagonal elements. Useful to determinategral action.

if the system can be controlled by

multi-loop single-input single-output

SISO controllers with integral action

for offset-free control and if the system

will remain stable when a subset of

loops is taken out of service.

The ratio of the maximum to theThe lower the value, the less sensitive the system

minimum singular value of the process$o uncertainties and so, the more controllable the
gain matrix. A measure of uncertaintysystem is. The minimum value of the condition

in process gain matrix inversion andumber of a MIMO system is 1 which corresponds
hence, sensitivity of control inputto a SISO system. Thus condition number is a
computation to model errors measure of loop interactions

A vector of which each elemeniThe value ranges from 0 to 1. The higher the value
(corresponding to each input) is thef an element, the higher the effect of the input o
square root of the sum of each rowhe corresponding output and the better the
(corresponding to each output) of theontrollability.

non-square RGA

Quantifies the effect of disturbances ofihe lower the magnitude of an element, the better
decentralized control when interactionthe rejection of the corresponding disturbance by
are considered the corresponding output

Same as process condition numb&ame as process condition number with the process
except that in this case, the procegmin matrix replaced by disturbance sensitivity
gain matrix is replaced by disturbancenatrix (i.e. manipulated inputs replaced by
sensitivity matrix disturbance inputs)
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7.3.1 Set point tracking measures

These are determined based on the properties alryirey system gain matrix which
determine the ability of the system to track setpots using the inputs. For the
adsorption drying system, the overall process gaatrix whose elements constitute
ratios of system output amplitudes to input amphis and which in general is
frequency dependent is given by

th]_ thZ aFa an aFaR
G| 0T 0T, 0T, 0T, 0T, (7.6)
thl thZ aI:a an aFaR

thl thZ aFa an aFaR

where the full dynamic equations defining the beétvawf each output are given in
Atuonwu et al. (2011a). For the controllability easconsidered (as stated earlif),
andN, are taken as outputs in cases 1 and 2 iQilendT, are outputs in cases 3 and
4. In cases 2 and 4, heat inpQig andQn, as appear in the matrix of equation 7.6 are
replaced by temperaturdspi, and Tarin The steady-state gain mati, a special
case ofG gives important information on the system closaopl properties and
steady-state controllability since it is importémtmaintain the process at steady-state.
In each input-output cas€s is readily obtained by finding the ratio of output
deviations to step input changes within narrow argiof the operating point. The
frequency-dependent extensidB&v), are determined by finding the amplitude ratios
at different frequencies for sinusoidal input chesgvithin regions of the operating
point for which the process is linear.

G is squared down in each case by taking any twaneos in turns to obtain a total of
40 square subsystems. For each of these 2x2 sabwsysthe RGAd , the condition
numbers, and the Niederlinski indiceasl are calculated from

A=G0O (c;'l)T (7.7)
o= HG HHGl (7.8)

i=2

NI = del(G)/ﬂ Ui (7.9)

1=1
where o stands for element-by-element multiplication.

The NI depends on the arrangement of the matrix coluthiise positions of the two
columns are interchanged, the result is differemt 8o, the values of these indices
depend on the specific input that is used to cbetoh specific output.
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The single input effectivene§&E (Cao and Rossiter, 1997) for axinput, m-output
system where represents the rows (from 1) andj represents the columns from 1
to nis such that each element of the vector is

S|EJ = ’En:ANij :(0)

whereAy; is theijth element of the non-square RG# of matrix G.
Of these, the process condition number is bothtimmal output scaling dependent.
The minimum attainable condition number is scalimdependent and is determined

(Engell et al., 2004) by solving the optimizatiaiplem

Omin = min(o(LGR)) (7.11)

whereL andR are non-singular diagonal scaling matrices.

7.3.2 Disturbance rejection measures

Perfect control depends on the ability to trackpsents irrespective of the presence of
disturbancesl. This depends on the open-loop disturbance seibgithatrix Gy of the
system which is given by

an aX pin aTamb aYamb

Ga=lan, oN, N, oN, (7.12)
an oX pin aTamb aYamb

Note: where appropriate for the studied cadé¢sis replaced witiT,,.

The closed-loop disturbance g&hDG is

CLDG =GG Gy @)1

where G is a matrix with diagonal elements equal to thegydimls ofG and other
elements, zero.

The disturbance condition number (Skogestad anchNdr987) is
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_SVDra (G)

e
e |,

0y

(7.14)

The disturbance sensitivitieSy (both steady-state and dynamic) are in each case
determined like the process gdinexcept that disturbance inputs are used instead of
manipulated inputs. Like the process condition nemlithe disturbance condition
number is scaling-dependent. This can be remedigeéglacing in equation 7.14 the
term SVDnax(G) by SVDmax(LGR), using equation 7.1lyhere diagonal matricds
andR are scaling matrices corresponding to minimum mea@ndition number.

7.3.3 Energy performance sensitivity

When disturbances are rejected using available podted variables, energy
performance is affected. For any drying process etiergy performance is judged by
the energy efficiency defined as the ratio of thermal energy output (the latent heat
of vaporization of the water removed from the prjluo the total thermal energy
input. The thermal energy output is:

Qout = Fp(x pin — Xp)AHv (715)
For the heat-integrated adsorption dryer (Fig., Zt19 thermal energy input is the sum

of the energyQnh: used in heating the regeneration air after hecttaxge and thad;,
used in heating the adsorber outlet air to therdrye

Qn = FaR(Cpa +Yambcpv)(TaRin _Tx) + FaA(Cpa +YaAva)(TaDin _TaA) (716)
Hence, the energy efficiency is given by

,7:Qout — Fp(xpin_xp)AHv

Qn FaR(Cpa + Yambva)(TaRin _Tx) + FaA(Cpa + YaAva)(-I_aDin - TaA)

(7.17)

For the heat-integrated conventional dryer (Fig),Qn1=0, while T,a andYaa in the
expression forQn, are replaced byTy, and Yayn, respectively wherely, is the
temperature of the ambient air after heat recofeny the dryer exhaust air. From
the foregoing, the energy efficiency can be exmess,=7(u,d,y) so, the following
sensitivity holds:

dn
dd

_an
s od

y=y

RIEN
s ou ad

y=y

£91 9%y

. 7.18
- 9y ad (7.18)

s

y=y y=y
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Apart from Qp; and Qnz, the other main energy spent in the system isubkad for
driving the zeolite continuously in a rotary whe€he drive power required for the
wheel is given by

leheel = 27nTQ/60 (g)l

wheren is the rotary speed in rpm af@, the load torque. The rotary speeds for
desiccant wheels are low (less than 100 revolutpmrshour). Hence, the energy for
the wheel is negligible. For instance, for a wheeksm=50kg and radius=0.2m, the
load torquelTg=mgru is about 100Nm where acceleration due to grayitom/$ and
coefficient of dynamic friction: is assumed equal to unity. The energy consumption
rate calculated from (7.19) is about 0.00@4¥kJ/h which is infinitesimal compared
to the 8.95%10°kJ/h corresponding to the evaporated moisture (Aup et al.,
2011a). Ideal insulation is assumed so heat lahse$o leakages are neglected.

To evaluate and compare the sensitivities of tteogudion and conventional dryers
when disturbances are rejected, we consider the wdsere promising pairings
(determined based on Sections 7.3.1 and 7.3.2)useel in rejecting simulated
disturbances. In this work, only steady-state é$face considered. Disturbances used
are the changes in ambient temperatures and hymithe ambient is simulated to
have a temperature range of 5-25°C and a humialitge of 0.003 to 0.01kg water/kg
dry air. The lower humidities correspond to the dowiemperatures while the higher
humidities correspond to the higher temperaturesbéains in practice. Values of the
chosen input variables for which there are minimeViations of the outputs from
steady-states are determined from the nonlineacegso model using zero-finding
techniques. If successful, the last term on thiet thgind side of (7.18) becomes zero.

7.4. Results and discussion
7.4.1 System behavior and set point tracking

Fig. 7.3 shows the time responses of the produdstare and temperature to input
step changes of £20% from steady-state for the-inéegrated adsorption dryer. The
nonlinear nature of the process is clearly demateddr by the discrepancies in the
responses to positive and negative input deviatiaom steady-state. For sufficiently
small input deviations, the system approximatesdliity and the steady-state process
gain matriceSGs in each studied case are shown in Table 7.3(apaoced with an
equivalent conventional dryer. The correspondiig and PCNs for both drying
systems are shown in Tables 7.3(c) & (d) respdgtive
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Table 7.3 (a). Process gain matrices (X)1for the heat-integrated adsorption dryer (left) &eat-
integrated conventional dryer (right); input vategon each column and output variables on each row

th Qh2 FaA Fz FAr QnZ FaA
X, -0.2598 -1.4264 24.4008 -89.5594  19.7243 -1.4  0109.
N, -0.3746 -3.7902 103.2156 -206.6601 28.4401 -3.2 796
T, 54.1391 5154821 -13170 28815 -4110.3 476.8 -9464
TaRin TaDin I:aA I:z FaR TaDin I:aA
X, -0.065698 -23.2608 -17.7981 -9.5054 -15.9174 327.-14.7
N 0.0857 -61.8100 -8.9585 12.3990 20.7776 -63.2 .0-10
T, -5.7714 8406.3 2085.4 -835.0 -1399.25 9389.3 2120

To understand the effect of the adsorption subsyste the drying process behavior,
it is important to compare corresponding elemehti® steady-state gain matrices of
the adsorption and conventional dryer using theutingariables common to both
systemsQh, (or Tapin) andFaa (see Table 7.3(a)fFor these inputs, the magnitudes of
the steady state gains ¥f, N, and T, are higher for the adsorption dryer than the
conventional dryer. Dehumidification leads to agsion heat release and thus,
temperature rise. The drying air temperature risg lrumidity drop both reduck,
thus creating a higher process gain with respeckgahan would occur in a
conventional dryer without desiccant dehumidifioati The adsorption heat release
increases the process gain with respect to praéugberature and hence, vitamin C
concentration. Exceptions occur wh&fpi, is used instead ddy, in which case, the
adsorption heat effects are regulated out by cbafrd,pin.

Presented in Table 7.3(b) are the diagonal elenwrttse RGA corresponding t@s
for each studied case. As the sum of elementsdh eawv and each column of an
RGAadd up to 1, it suffices for a 2x2 matrix to repibie diagonal element only. The
promising pairings from the results are shown aoin the map (Fig. 7.4). Of the
forty possible input-output pairings in this studgurteen are favorable. These are
those for which the diagonal elements are poséia as close to unity as possible.

Table 7.3(b). Diagonal elements of the RGA matnixvhich input variables on each row control
product moisture conteid, while those on each column control vitamin C canicionN, (or
temperaturd): Adsorption (left) Conventional (right)

QhZ I:aA I:z FaR QnZ I:aA I:z FaR I:aA I:aA
Qu 212 152 267 49xf0 236 163 284 1.2x10
Ch2 2.69 -6.6 -1.19 3.03 -8.12 -1.36 2.84 3.23
Faa -1.2 -0.52 -1.48 -0.63
F, -1.67 -1.84
TaDin l:aA I:z FaR TaDin l:aA I:z FaR I:aA I:aA
T.in 0.67 0.28 5.4x10 -3.3x10 0.8 0.37 1.6x160 -7.8x10
Tanin -0.23 0.33 0.33 -0.47 0.2 0.2 -0.4 0.7
Faa 0.72 0.72 0.63 0.63
F, -4.6 x16 -5.3x16
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Heat flows as inputs

N, or T, Control
th Qh2 l:aA I:z FaR

X, control
O

Temperatures as inputs

N, or T, Control

F.

X, control

Fig. 7.4. Maps showing promising input-output pais (colored) unfavourable pairings (blank) based
on RGA results (Table 7.3(b)). Diagonal blocks @adé one input controlling two outputs and are thus
not considered

For the pairings whose diagorRGA elements are negative, the alternate pairing has
a positive diagonaRGA which makes the alternate pairing more favorabler.
instance, from Table 7.3(b), the pairingQ{-Xl; [FarNp]} has a diagonaRGA
equal to — 1.19; hence, the alternate pairif@.{N,]; [Far-Xp]} has a diagonaRGA

of 2.19, which makes it the preferred pairing.

The Niederlinski indices of Table 7.3(c) also fawdhe above pairings as thdl
elements are positive in each case. The minimizedegs condition numbeRCN
(Table 7.3(d)) are also reasonably low in each hif tases. All other pairing
possibilities are unfavourable due to the corredpapRGA elements being negative,
less than 0.5 or extremely largha. notable unfavourable pairing with largeGA
values is when the inpu3,; (or Tarin) andFarare used together, irrespective of the
specific input-output pairing. A possible explapatfor this is the fact that each input
produces similar effects on each output throughymiatermediate state variables. A
change in either of these inputs is first reflectedhe regeneration temperaturg:
which then affects the zeolite moisture conte@at at the regenerator outlet or
adsorber inlet. Consequently, the adsorber outtelite moisture contenXs, air
humidity Yaa and temperaturd,s are affected thus impacting simultaneously on
product moisture content and temperature (and henamin C concentration). At
each propagation level, there are interactionfiabthe overall interaction is high.
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Table 7.3(c). Niederlinski indices; inputs on eaoW controlX; while those on each column contity
(or Tp); adsorption dryer (left) and conventional dryegtt)

%X&N, X, & T, X, &N, X, & T,
th Qh2 l:aA l:z FaR in th I:aA I:z FaR l:aA I:aA
Qn 045 0.66 0.38 0.00 042 061 0.35 0.00
Qun -0.8 0.37 -02 -0.8 0.7 033 -0.1 -0.7 0.35 0.3
Faa -1.9 -0.6 -0.8 -19 -1.6 -05 -0.7 -1.6
F, -0.6 0.13 045 -0.6 -05 0.11 0.40 -0.5
F. 0.00 046 0.66 0.38 0.00 042 0.61 0.35
TaRin TaDin FaA Fz FaR TaRin TaDin FaA Fz FaR FaA FaA
Tarin 1.49 359 0.00 0.00 124 175 0.00 0.00
Ton 3.0 43 3.0 3.0 5.1 21 51 51 2.4 -1
F.a 139 0.81 1.39 1.39 233 0.68 233 233
F, 000 149 3.59 0.00 0.00 1.24 1.75 0.00
F. 0.00 149 3,59 0.00 0.00 124 1.75 0.00

Table 7.3(d). Minimized Process condition numbédrthe adsorption dryer (left) and conventional

dryer (right)

Qh2 FaA Fz FaR Qh2 FaA Fz FaR FaA FaA
Qu 659 380 855 19xfo 7.31 428 9.25 5.8 x1b
Qh2 8.64 28.36 6.59 10.00 34.43 7.31 9.26 10.89
Faa 6.65 3.81 7.78 4.28
F, 8.55 9.25

TaDin FaA I:z FaR TaDin l:aA l:z FaR l:aA FaA
Tarn 1.00 1.00 2x10 1.3x10 10 1.0 2.0x15 3.16xx16
Tanin 254 1.00 1.00 3.64 1.00 1.00 3.39 4.68
Faa 1.00 1.00 1.00 1.00
F, 1.84 x16 2.1 x16

# With heat inputs M With temperatures

1.2 4
g 1
=038
£0.6
=04
0.2
0
Qhl (& Qh2(&  FaA Fz FaR
TaRin) TaDin)
Input variables

Fig. 7.5. Single Input Effectiveness (SIE) showiifects of each input variable on the outputs

All results true for vitamin C concentratidiy, control are also found true for product
temperaturél,. This is possibly due to the correlation betw&grandN, which can
be seen in the vitamin C degradation kinetics (Mislet al., 1983), also in Appendix
C. This correlation is confirmed by the fact thia¢ SIE values of each input remain
unchanged whefh, is controlled instead dH,.
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The SIE values show that whe@hi, Qnz, Faa, Fz andF4r are considered as inputs, the
input effectiveness in descending ordeFisFaa, Far, Qn2 andQni. WhenTarin Tapins
Faa Fz andFr are considered as inputs, the input effectiveiredgscending order is
Tabin, Far, Faa Fz andTarin The effects 0By andTarin are in the order of 10and so
not clearly visible in the chart (Fig. 7.5). Tha &hus relatively ineffective.

The correlation between product moisture contewt @mperature is known to be
high, since temperature is the driving force forinlg. This is confirmed by the results
of Table 7.3(d) which show that for most cases; riaimized process condition
number whenX, and T, are controlled is higher than whe@ andN, are controlled.
The difference is significant. It is therefore mnefble to controX, andN, in a 2x2
decentralized control system instead of control¥ggndT,. This is an advantage as
the product quality is controlled directly insteafiusing a correlate — temperature.
The feasibility however depends on the availabiliy reliable sensors or state
estimators for vitamin C concentration.

The use of temperaturedakin Or Tapin) @S manipulated variables implies the
temperatures are already controlled by pre-existorgrol loops and then either used
to control the adsorption dryer manually or senaaet-point for automatic control.
This changes the system from what it used to benvghevisions are only made for
direct control by heat input€f(: & Qn2). Hence, corresponding open loop gains of the
two systems differ even when analyzing loops tloaita@in other input variables (say
Faa & F,). The pre-existing temperature control is seemprove controllability in
most cases. For instance, the minimized procesditcmm numbers of Table 7.3(d)
are low, in most cases, unity, which is the lowattinable. Exceptions occur where
two regenerator-based inputs e, Far] or [Far Tari] are used possibly due to loss
of a degree of freedom. When heat inputs are useadntrol (top side of Table
7.3(d)), this is compensated for sinGgi, can be controlled by adjusting eitt@y, or
Far However, when temperatures are used instead aif ihputs (bottom side of
Table 7.3(d)),Far loses its control power oveFarin The regenerator subsystem
becomes stiffer and the negative effect of the elegf freedom loss on controllability
is fully manifested when any two of fzin, Far @andF,) is used in control. As seen in
Table 7.3(d), the minimized process condition nurslse very large for the cases
where any of these pairs is used for control.

7.4.2. Disturbance rejection

For feed related disturbances, (& X,in), the sensitivities (open-loop disturbance
gains) are the same for the conventional and atisorpryers as shown in Table
7.4(a). This is expected as the adsorption systss dot have any effect on the feed.
However, for ambient air disturbancé&q, & Yamn), the sensitivities of the product
moisture and temperature of the adsorption dryer lass than those of the
conventional dryer. Adsorption dryers are thus séenhave better disturbance
resilience than conventional dryers. Thus, whenudisinces that tend to reduce
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energy efficiency (like ambient temperature droghomidity rise) occur, the steady-
state deviation of product moisture content andpemature is less for the adsorption
dryer than the conventional dryer. The control gffequired for disturbance rejection
is therefore less. The lower magnitudes of corredpg closed-loop disturbance gain
(CLDG) elements (Table 7.4(a)) for the adsorption dio@nfirms improved closed-
loop disturbance resilience. The improvement isdable to self-regulation properties
introduced by the zeolite adsorption/regeneratiy@tesn. For instance, when ambient
humidity rises, the driving force for adsorptive seatransfer is increased, thus,
resulting in more dehumidification so that the oréd ambient air humidity rise is
opposed. Also, when ambient temperature falls, abdsorption capacity rises as
shown in the zeolite equilibrium characteristicsig(F7.6). Consequently, the
adsorptive mass transfer is increased, leadingdeased release of adsorption heat
so that the original temperature drop is opposée. donverse is true in each of these
cases. The zeolite adsorption/regeneration systdéhus a negative feedback element
preceding the dryer and implements feed-forwardroboy acting on disturbances
before they reach the dryer so minor feedback cosgi®n would give good control.

The adsorption capacity determines the control espacself-regulation and depends
on adsorbent properties. The effective adsorptapacity can be manipulated by the
regeneration temperatufiggri,. From Fig. 7.6, as regeneration temperature isea
the “space” between the adsorption and desorpsmih&érms increase.

Table 7.4(a). Open and Closed-loop disturbancesgamadsorption and conventional dryers (same
control inputsQp, & Fap)

Open-loop disturbance gains Closedoop disturbance gains
Adsorption Contienal Adsorption Conventional
XP NP x’P NP XP NP XP NP
Fo 5.23 23.6252 5.23  23.6252 -0.9693 26.1318 -39382.733
Xpn  0.0053  0.0067 0.0053  0.0067 0.0098 -0.020 0.0010.020
Tamp -0.0013 -0.0034 -0.0028 -0.0064 -0.0012 0 -0.003 0

Yamp 1.4139 -2.2135 2.0182 -1.1367 5.1706 -15.9974 63%. -16.489

Table 7.4(b). Minimized disturbance condition numfioe the adsorption dryer (left), conventional
(right)

th I:aA I:z FAr an I:aA I:z I:aR FaA FaA
Qun 3.70 1.00 1.00 1.080° 408 1.01 1.00 1.10"
Qhz 2.12 1552 3.70 2.12 28.96 6.17 5.3 8.67
Faa 1.51 2.24 2.01 3.64
F, 1.00 2.52

TaDin l:aA I:z FaR TaDin l:aA I:z FaR I:aA FaA
Tarin 1.00 1.00 1.810 1.1x10 1.00 1.00 4.310 2.66x1C°
Tanin 1.62 1.00 1.00 3.11 1.00 1.00 2.12 3.37
Faa 1.00 1.00 1.00 1.00
F, 1.55x10° 1.15x10°
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Fig. 7.6. Zeolite equilibrium loading at differerdpour pressures and temperatures

Within limits, high regeneration temperatures thugmote disturbance resilience all
other factors remaining constant. The adsorptigeferation system can thus be seen
as a spring-like buffer tank of variable “heighX,.xX.er With the regeneration
temperatureT,rin determining the height and hence, control spacalamp out
oscillations in ambient conditions. The control apavould be different if another
adsorbent is used as sorption isotherms differoAldsorption capacity can be
manipulated by zeolite flow. As zeolite flow incses, the zeolite is less wet on the
adsorber side, which means more capacity to addddwever, the effect of
regeneration is also less, thus reducing capa€itng drying and regeneration air
flows also influence the capacity to adsorb, sorptheat release and hence, the
overall self-regulation property. In summary, redidn behavior can be set by
adsorption/regeneration system design and operatinditions.

From the results of Table 7.4(b), deductions applie to the minimized process
condition numbersPCN (Table 7.3(d)) are also applicable to the minidize
disturbance condition numbeBCN. An interesting observation is that disturbance
condition numbers of the conventional heat-integtadryer can be higher or lower
than those for the adsorption dryer depending enstiecific control structure. This
indicates that the superior disturbance rejectimpgrties of the adsorption dryer can
only be exploited if the right control structuresslected. For example, from Table
7.4(b), the pairings involvingFha F], [Faa Farl @and in the heat input manipulated
case F; Far have very low and so, good disturbance conditiombers. The results
overall confirm the favorable pairings presente&action 7.3.

To obtain more information on dynamic controllatyili(for set-point tracking and
disturbance rejection), the frequency-dependentmimed process and disturbance
condition numbers RCN and DCN) are analyzed. For illustration, some of the
combinations, both promising and non-promisingfréig. 7.4 (top) are shown
plotted in Fig. 7.7. The left-hand side containsutes for the control oK, andT,
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while the right hand side figures are for the cointif X, and N, using the stated
inputs. Throughout the entire frequency range, ggscand disturbance condition
numbers are less fof, andN, control than forX, and T, control which agrees with
deductions from steady-state controllability stsdi@lso, for the same input€y{,
andF,p), the adsorption drying system shows improvedrodiability properties than
the conventional dryer. Promising input choicese lifQni, Fas and [Faa, F,
established from the preceding steady-state arsmalgse still characterized by
relatively low process and disturbance conditiomhars and so good controllability
throughout the studied frequency range.

7.4.3 Energy performance disturbance sensitivity

Figs. 7.8 and 7.9 show the energy efficiency vemest that occur with ambient
changes for the conventional and adsorption dmg=sgsectively when the shown input
variables are used for disturbance rejection. Tdwmilts show that over a wide
disturbance range, the energy performance of theorption drying system is
relatively stable compared to the conventional dr@@mparing the adsorption dryer
energy efficiency with that of the conventional eirythe main energy input to the
adsorption dryer depends on regeneration temperdtg, which is usually much
higher than the ambient. For the conventional drylee input energy depends on
dryer inlet temperatur@,pi, which for low temperature drying is in the samdeaurof
magnitude as the ambient. Thus, if the ambienteanperature falls tremendously, the
effect on regeneration energy input for is far ks the effect on conventional dryer
heat input. This reduced energy input sensitivibppied with the self-regulation
properties discussed earlier make the energy peafioce of the adsorption drying
system more resilient to disturbances as seergin7/B(a) as against the conventional
dryer in Fig. 7.8(a). The use of zeolite and dryiaig flowrates F, & Fan) as
manipulated inputs for the adsorption dryer comrefiandy since manipulatinig,
changes the extent of dehumidification while at #sne time, generating high
adsorption heat. For a maximum difference of 0.2Mager/kg dry zeolite between
adsorption and desorption and an adsorption he8200kJ/kg water adsorbed, the
maximum sorption heat release corresponding tonthgimum zeolite flowrate of
about 2x16 kg/h (the low ambient temperature region of Figd9(B)) is about
12.8x16 kJ/h. This provides control power of the same pafemagnitude as could
be supplied by an external heater for a conventidryer (Fig. 7.8(b)).
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7.5. Conclusions

In this work, the controllability of heat-integrdteadsorption dryers has been
examined using set-point-tracking and disturbamgection indices with product
moisture content, temperature and vitamin C coma#gah (representative of quality)
as output variables. Also, the sensitivities ofrgggerformance to disturbances have
been evaluated. The results show improved -conlribtla properties over
conventional dryers due to the extra control degrafefreedom introduced by the
desiccant adsorption system. Forty input-outputripgi possibilities have been
identified of which twenty-six have been screenatl ddsorption dryers are shown
to have improved resilience to ambient air distodes than conventional dryers due
to self-regulation properties introduced by the caldent subsystem which thus
implements feed-forward control by acting on disaces before they get to the
dryer. Adsorption heat, kinetic and equilibrium jpecties of the adsorbent are shown
to be the encouraging mechanisms for self-reguiatichich also depends on
operating conditions like adsorbent, drying air witates and  regeneration
temperatures. Under perfect rejection of unfavoeralisturbances such as ambient
temperature drop and humidity rise, the energyoperdnce of adsorption dryers is
not significantly degraded as in conventional systeCorrelation between product
moisture content and temperature is found to bédnighan that between product
moisture content and vitamin C concentration relgasd of specific input-output
pairings. It is thus, preferable to control produmedisture content and vitamin C
concentration in a 2x2 decentralized control systestead of product moisture
content and temperature. This is an advantage eapribduct quality is controlled
directly instead of the standard practice of usangorrelate — temperature. The
feasibility however depends on the availabilityreliable sensors or state estimators
for vitamin C concentration.
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Improving dryer controllability and energy efficiency
simultaneously by process modification

Submitted as Atuonwu, J.C., Straten, G. van., Devrehl.C. van., Boxtel, A.J.B. van.
(2012). Improving dryer controllability and energfficiency simultaneously by
process modification

Abstract

This work establishes a relationship between drgeergy performance and
controllability using energy balances and procesdiency analysis. It is shown that
using the process gain matrix, the dryer energgieffcy can be reliably calculated
with conditions for simultaneous controllability pmovement established. By
incorporating a drying rate modifying system sushaadesiccant dehumidifier as an
add-on, these conditions are shown to be achievhlddo the extra dehumidification
which can be manipulated using the additional degy freedom introduced by the
sorption system. Due to the adsorbent regulati@pgaties which are enhanced by
high-temperature regeneration, the resilience efggnperformance to disturbances is
significantly improved compared to conventional efgy Also, a desiccant system
performance indicator, the “adsorber-regeneratdremergy efficiencyARNEE is
introduced and it is shown that energy efficientypiovement is possible only if the
ARNEEis greater than the energy efficiency of the stalode dryer.

Keywords Dryer controllability, energy efficiency, desieta dehumidification,
desiccant performance indicators, design and cbntro

8.1. Introduction

Drying consumes a significant proportion of totadlustrial energy and is a product
quality-defining step in most industrial proces$iks in the food, pharmaceutical,
chemical, pulp, paper industries and many more. cdmdrol of drying operations is
important to achieve desired set-points with mimmgproduct variability, reject
disturbances to minimize off-spec products and noge various aspects of
process/product behavior such as energy efficieamy nutrient retention. Many
innovative dryer designs have been developed avertb meet with the increasingly
stringent demands on reducing energy consumptioniraproving product quality.
With every such innovative step comes the quesbtibrnontrollability. Hence, the
controllability of various categories of drying pesses has been studied over the
years. Examples include the controllability of centional convective dryers
(Langrish and Harvey, 2000); superheated steamtagdued dryers (Berghel and
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Renstrom, 2004); chemical heat pump dryers (Ogued,e2005) and more recently,
heat-integrated adsorption dryers (Atuonwu et 20]12b). Studies on the energy
performance of drying processes also abound inlittkature (Ogura et al., 2003;
Kudra, 2004; Raghavan et al., 2005; Kemp, 2005,0Anu et al., 2012a; Kudra,
2012). However, the relationship between dryer rodability and energy
performance is not yet well-investigated. Extendiv®wledge of this relationship
will help in developing design techniques that diameously improve steady-state
economics and controllability. This would yield sificant improvements over the
conventional sequential approach to process designcontrol which in general has
been identified as sub-optimal for process syst@askins and Walsh, 1996; Patel, et
al., 2008; Yuan et al., 2012). This work shows fremergy balances and resiliency
analysis how dryer energy efficiency and contraligb can be improved
simultaneously. The dryer open-loop process gaitrixnevhich has been used for
controllability analysis by previous researchershswn in this work to be related to
the energy performance. From mass and energy fesartcis shown that by pre-
conditioning the drying air using desiccant addorptthe conditions necessary for
simultaneous energy efficiency and controllabililgprovement over conventional
dryers are achieved. Extra degrees of freedomnareduced which enhance process
flexibility and improve the resilience of energyrfmemance to disturbances. To guide
decisions on choosing the appropriate desiccantrdelifier for a dryer, an index of
merit is introduced which considers the specifitthe drying process.

8.2. Dryer system gain matrix and energy efficiency
Fig. 8.1 shows a typical drying system where produoeisture contenk, and outlet
air temperaturel,oye are output variables controlled by air flowrdtg and inlet
temperaturel . The steady-state mass balances governing thensygates that the

mass rate of water leaving the product equals thesmmate of water entering the
drying air:

Fp(xpin - xp) = Fa(Yaout _Yamb) =r (@)
wherer is the overall drying rate from the dryer.

Taking energy balances assuming no heat lossessatire dryer body, the sensible
heat loss of the drying air across the dryer egin@$atent heat gain

Fa(Cpa +Yainva)(Tain _Taout) = Fp(x pin — Xp)AHv 82)

Fa, Tamb ,Yain T' Taout
Wet product  Dry product
Fig. 8.1. Typical conventional dryer set-up
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In (8.1) — (8.2),Fp and X,in are product flow and inlet moisture respectiveym,is
inlet air humidity, Yaou: the outlet air humidityC,, andC,, are specific heat capacities
of air and water vapour respectiveliH, is the latent heat of vaporization of water.

The energy efficiency is defined as the ratio @ ldtent heat of water evaporated to
the total dryer input energy. The latent heat dfewavaporated is given by

Quuo = Fa(Yaour = Yamp)AHy (8.3)
while the dryer input energy for ambient tempem@iuf,y, iS

Qno = Fa(Cpa + YamiCow)(Tain = Tams) (8.4)
Hence, by combining (8.3) and (8.4), the energigiefficy is

17°= (Fa(Yaou = Yame) AHy )/ (Fa (Cpa + YamiCo)(Tain = Tamt)) = (Tain = Taoud)/ (Tain —Tems) (8.5

The process gain matrix consists of the sensgwitif each output to each input and is

i Koy e
Now, differentiating the energy balances (8.2) webpect to air flowratg,,

(Fa 0Toou/0F.) = (/K J0X 5 /0Fa) = Tain = Toout 8.7)
and with respect to dryer inlet air temperatlieg,

(0Toou/ 0Tain) + (Y KR )(0X p /0Tain) =1 (8.8)

where the constait = (Cpa + YanCpy )/ (FsAH, )

From (8.5) — (8.7), a relationship (based on temtpee dropTain-Taou) iS established
between the system energy efficiency and some alisnod the process gain matrix
on which the controllability properties depend. Fodryer with constant inlet air
temperature, a change in air flowrate always predi& change of the same sign on
the outlet air temperature and a change of the ifgasign on the outlet product
moisture content (Langrish and Harvey, 2000). Thsn (8.7), it is seen that by
increasing the magnitudes of the sensitiviti¥s/oF » anddTaeul0Fa (elements of the
first column of the gain matrix), energy efficien(8.5) increases. Also, by reducing
the inlet air humidityY,n, the constanK reduces so drying capacity increases. For
constant air flowrate, a change in inlet air terap#e produces a change of the same
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sign on the outlet air temperature and an oppasgige change on the outlet product
moisture content. Hence, to satisfy the unity camst (8.8), an increase in the
magnitude 0B Taou/0Tain leads to an increase in thatady/oTain.

8.3. Relating dryer controllability and energy effciency
Various controllability measures have been propasebe literature. Among them is

the Morari Resiliency IndeMRI (Morari et al., 1985) defined as the minimum
singular value of the gain matrix. Mathematically,

MRI = min(svd(G)) = ]/HG_l =|de{G)/norm(G) (8.9)

The higher theVRI of a system, the easier the system tracks desategoints and the
more resilient it is to disturbances. It is relatedhe ease of inverting the matiix
and sets the limits of achievable control perforoganndependent of specific
controller design. Th&RI is useful for evaluating square and non-squaréesys
and applicable to steady-state and frequency doramalysis. Although scaling-
dependent, it is useful for comparing design alitwes and testing the effect of
process madifications where the same input andubwgriables are involved. Thus,
the MRI is adopted as a measure of controllability in thagk. From (8.9), one way
to increase th&1RlI is reducing the norm of the gain matrix while thagmitude of
the determinant is, at most, reduced less thanoptiopately. That would mean
reducing the magnitudes of at least some elemdntiseogain matrix. Clearly, this
reduces energy efficiency if the elemed¥g/0F, andoTaou/0F 4 are affected.

Another option is to increase the magnitude ofdérminant while the norm at most
increases less than proportionately. From theivelajain array theory, increasing
both elements in the first column & may lead to increased loop interactions in
multi-loop SISO control. In this case, the othertnaelements are modified so that
while these gains are increased, theMBt is also increased. Overall, the net value
(8.5) increases thus simultaneously improving epefjciency and controllability.

In general therefore, energy efficiency and cotdholity improvements will occur if
the gain matrix element®Xy/0F, and 0T.o{OFa are increased with thé&/RI
constrained to be non-decreasing taking into cenattbn the interactions with the
other gain matrix element8T.ou/0Tain and 0Xy/0Tain. The discussion that follows
shows from mass and energy balances, how the gaiixrelements can be modified.

8.4. Process Modification

From the steady-state mass balances (8.1), thalbdeying rater is given by

r = Fo(Xpin— Xp) 18)

114



Improving dryer controllability and energy efficensimultaneously by process modification

Hence, if due to a change in any of the input variables, the system trarfsim
one steady-state 1, to another, 2, the changetiupt moisturé®X; is

6Xp:Xp2—Xp1: 1 (rl_ )_ 1 or

r)=—— (8.11)
ou du Fpou Fp, du

From the energy balances, the change in outleteestyre in response to a change in
input is

aTaout — AHv(rl - rz) _ AHV or

= = 8.12
0 Fa(Cpat+YCow)du Fa(Cpa+Y.Cpy)du (812)

The gain matrix can thus be modified by procegsroduct modifications that change
the sensitivity of drying rate to the input varialfl.e.,or/ou). Various methods have
been proposed to modify the drying rates. Theskidiec product pre-treatments like
blanching, chilling and freezing (Dandamrongrak, at 2003) and drying air
dehumidification strategies using desiccant adsmmpand heat pumps (Atuonwu et
al., 2011c). Fig. 8.2, showing the responses oindryates of a conventional drying
process and two hypothetical modified processesd{fiidal and Modified 2)
illustrates this. Although the Modified 1 procedtels the drying rate at the two
operating points, the slope of the graph is theesam that of the original process
because the modification-induced additive elemgnhé same at both input variable
values. Here, the additive element is defined as‘@lddition (positive or negative)”
or the change in drying rate introduced by the rication. If however this additive
element varies with the input variable as in theecaf the Modified 2 process, the
slope and hence process gain is modified. Thuglditian to modifying the drying
rate and hence energy efficiency, the gain matroperties are also modified giving
rise to simultaneous energy efficiency and cordfwlity modification.

The discussion that follows shows how the use @désiccant adsorption system as a
preconditioning element to the dryer inlet air eesuhe satisfaction of the conditions
required for process gain modification.

— Original---Modified 1-=-Modified 2

Drying rate
N

=

% 60 70 80 9 100
Input variable

Fig. 8.2. Responses of drying rates to changespiutivariables (like air flowrate) for original atdo
hypothetical modified drying processes
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8.4.1. Desiccant adsorption drying for drying ra@t@in modification

In the adsorption drying process (Fig. 8.3), arodant (zeolite)-coated rotary wheel
with adsorption and regeneration sections (A angéd$pectively) is an add-on to the
conventional dryer. Ambient air is dehumidifiedthre adsorber section, heated and
used in the dryer for drying the wet product. Tle@wmidification is accompanied by
the release of adsorption heat such that ambienexats the adsorber at a lower
humidity Yaa and a higher temperaturg,s. Meanwhile, the spent adsorbent is
regenerated using hot air. The system is desciiyethe following mathematical
model (details available in Atuonwu et al. (2014aa)l presented in Chapter 2 of this
thesis). The nominal operating conditions aredisteTable D1, Appendix D.

dx

—=f(x,u 8.13
dt (x) (8.13)
X = [X p X ZA X ZR Yaout Yain YaR Taout TaA TaR Tp TzA TZR]T (8 14)
u= [FaA Tain Fz FaR TaRin]T (815)

Apart from the dryer state variables, other staesintroducedX;, and X, are the
outlet moisture contents of the adsorber and regésrezeolite respectivelyi, and
T,r are corresponding temperatur&sa and Yar are absolute humidities of the air
from the adsorber and regenerator respectivelyewhid and Tor are corresponding
temperatures. Extra degrees of freedom are zdlditgate F, (proportional to wheel
speed), regeneration air flowrdtgs and temperaturé;gin.

From steady-state mass balances, the moisture exmporate from the product is
Fa( aout _YaA) = Fa( aout _Yamb) +F (Yamb_YaA) (816)

The term on the left-hand side of (8.16) is therallenoisture evaporation rate of the
dryer as a result of the adsorber dehumidificatibime first term on the right-hand
side represents the moisture evaporation rate asgttire dryer is alone without the
adsorbent system, while the second represents ¢henddification rate of the
adsorber alone. This dehumidification rate is thditave element that modifies the
drying rate and as seen in (8.16), it is a functibthe input variable (in this case, the
air flowrate F;). The inclusion of the adsorbent system thus @sssystem gain
matrix modification as the system behaves likeMloelified 2 process on Fig. 8.2.

n

Tamb,Yamb Fa TaA YaA Tain Taout,Yao t
: : — - Heaterl Drver
Ambient air; Dehumidified air y
vaxpm

P
Wet product Dry product

YaR I:aR,-I-rsiRin, Yamb FaR,Tamb, Yamb
Regeneration alm

Fig. 8.3. Adsorption drying system
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Fig. 8.4 shows the variation of dehumidificationeravith drying air flowrate using
experimental data for a wheel speed of 58rph agdneration temperature 87.8°C
and flowrate of 6120kg/h (Vineyard et al., 2000).drinciple, the curves vary for
changes in wheel speed, regeneration temperaturdl@mrate. Since the additive
element (desiccant dehumidification rate) is pesijtthe process gain matrix elements
with respect td-, rise, thus increasing the numerator of energyiefiicy defined by
(8.7). The extra degrees of freedom provide opmdaras for manipulating the
dehumidification rate within constraints to desiredues of the gain matrix elements
so theMRI can be increased simultaneously as will be shaten.|

8.4.2. Desiccant adsorption drying: energy efficiganalysis

Although the adsorption system increases dryingci&pand rate, the accompanying
regeneration process requires energy. Hence, éoeigh the numerator of the energy
efficiency expression has the same form as thahefconventional dryer (8.5), the
denominator or energy consumed is different. thexefore important to derive how
the temperature drop-based energy efficiency eguas affected. The total energy
consumed for the adsorption drying system is time stithe energies used in heating
up the regeneration air from ambient value and tis&id in heating the drying air
from the adsorber outlet temperature to the desiMetitemperature:

QnSYS: FaR(Cpa +Yamk£:pv)(TaRin _Tamb) + Fa(Cpa +YaAva)(Tain _TaA) (817)
Hence, the energy efficiency is derived as
fsys= (Fa(Yaout_YaA)N_lv)/ QnSYS': (Tain _Taou)/ (Tain _Tamb_ATads+(FaR/ Fa)(TaRin_Tamk)) (8 18)

wheredTag=Taa — Tamb IS the temperature rise in the adsorber outletiaér mainly to
sorption heat release. The numerator has the sameds that of the conventional
dryer; however, the temperature drop is higher tthext of the conventional dryer
since it is due to the combined effect of the dmsit dehumidification rate and the
drying rate of the dryer alone. This can also herpreted from (8.7) as an increase in
the process gain elements. In the denominator,eiftea termAT,4s accounts for
adsorption heat release which reduces the reqaireryy input to the drying air. The

N

(kg water/h)
N
o

Dehumidification rate

000 4000 6000 8000
Air flowrate (kg/h)

Fig. 8.4. Variation of water dehumidification ratith air flowrate
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term in Far represents regeneration energy expenditure. Isiog&nergy efficiency
lies in ensuring that the rise in temperature diopss the dryer, and the effect of
adsorption heat release is not offset by regemerainergy expenditure.

8.4.3. Desiccant adsorption drying: condition foreegy efficiency improvement

Desiccant adsorption systems are defined by varpmréormance indicators. The
prominent indicators are moisture removal capa@tydehumidification rate already
described), specific dehumidification power, caséfint of performance, regeneration
specific heat input and latent heat load definededsimidification rate multiplied by
latent heat of vaporizationH, (ASHRAE, 1998). Zhai (2008) introduced unified
performance indicators for comparing various designd calculating the outlet air
conditions based on the inlet air conditions. Amamhgm is the regeneration
efficiency defined as the ratio of the latent heatthe water removed from the
regenerator to its input energy. This is synonymouth the energy efficiency
equation applied to dryers as defined in (8.5). dtieer is the heat carry-over ratio
defined as the ratio of energy added to the ads@ibdédue to sorption heat release
and other heat transfer) to the regeneration enamgyt. All the afore-mentioned
indicators have been developed specifically foccamditioning applications.

For incorporation into the drying process, the nexl criterion is different. For
instance, in air-conditioning applications, higlgmn heat release or heat carry over
is undesirable (Eicker et al., 2012) since it isrderproductive to the desired cooling
requirement and as such represents energy wasitadeying however, the sorption
heat released can be positively exploited as resgmes drying capacity.

Since in the adsorber-regeneration system, ensrggrisumed in the regenerator and

released exothermically at the adsorber outlet,“#alsorber-regenerator net energy
input” Qinar can be defined as the differential between thegies that is,

QnAR = FaR(Cpa + Yathpv)(TaRin _Tamb) - I:a(Cpa + Yathpv)(TaA _Tamb) (819)
The system energy output or latent heat load is
QoutAR =k (Yamb - YaA)AHv (820)

Hence, a performance indicator for the desiccahunsdifier alone, the adsorption-
regeneration net energy efficiency ARNEE is defiaed

— — QoutAR - Fa (Yamb - YaA)AH v
ARNEE= /g = = (8.21)
s anAR FaR(C pa T Yambcpv )(TaRin _Tamb) - Fa (Cpa + YamiC pv)(TaA - Tamb)
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When a dryer is incorporated into the system asveho Fig. 8.3, the evaporation
energy is the total water removal rate (8.16) mléd by latent heat of vaporization

QoutSYS: Fa(Yaout _YaA)AHv (822)
A close examination of equations (8.3), (8.4), 73.18.19), (8.20) and (8.22) reveals

that a superposition theory holds for the intemaddi between the dryer and the
adsorber-regenerator system

Quoutsys= Qoutp + Qoutar (8.23)
Qnsys=Qnp + Qnar (8)24

Hence an alternative definition of the temperating equation (8.18) is,

Nevs = Qoutsys _ Qouto + Qouar _ 770Qinp + 77arQinAR 18)
sys = = = .
QnSYS QnD + INAR QnD + INAR

From which the following condition is derived,
Nsys>No it Nar>1o (8.26)

This is stated as: “the incorporation of the demntcsystem (without heat recovery)
improves dryer energy efficiency only if the adsorbegenerator net energy
efficiency ARNEE s greater than the energy efficiency of the stalodhe dryer”.
Thus in choosing a desiccant system suitable f@raring the energy efficiency of
an existing convective dryer it is important to @pe the design and operating
conditions appropriately. These conditions mussibeh that the latent heat capacity
of the desiccant system, required regenerator inpat and corresponding sorption
heat release will yield a ratio (8.21) greater thia@m energy efficiency of the stand-
alone conventional dryer. Achieving an increasdriyer temperature drop due to the
process gain modifications is a necessary conditfon energy efficiency
improvement while satisfying the above requiremisné sufficient condition. The
existence of extra degrees of freedom helps ineasing possibilities of obtaining
conditions for which both the energy efficiency angl are increased.

8.5. Process simulation and analyses

The process gain matr@® is obtained for each dryer (conventional and guigmr) by

linearizing about the respective operating poirgingd in Atuonwu et al. (2011b)
and calculating the relevant slopes. For the cothmeal dryer, this gives rise to a 2x2
G matrix since there are two inputs (drying air ftate and temperature) and two
outputs (product moisture and temperature). For dlisorption dryer, the three
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additional degrees of freedom (regeneration aiviidde, temperature and adsorbent
flowrate) give rise to a 2x®& matrix overall. Besides there are other output-inpu
possibilities to which the overalt matrix can be decomposed, namely, 10 2x2
possibilities, 10 2x3 possibilities and 5 2x4 pbssies. For each, théviRIs are
computed using (8.9). The same is done for the emmwnal dryers. Energy
efficiencies are computed at the nominal operafooggnts using (8.5) for the
conventional dryer and (8.18) for the adsorptiopedr Then, using the sensitivity-
based temperature drop equation (8.7), energyiaifies are recomputed to test the
validity of the sensitivity-based equations.

To evaluate the effect of disturbance rejection trmdnactions on the energy
consumption of both systems, ambient disturbanaes simulated and energy
consumptionQ calculated from the denominator of (8.5) for tlwwentional dryer

and from (8.17) for the adsorption dryer constragnproduct moisture to remain
constant. The percentage change in energy consumiptthen computed as:

%AQ = % 8.27)

where Qnom IS energy consumption under nominal conditiohm=25°C,
Yam=0.01kg/kg.

To indicate how variations in degrees of freedotronuced by the adsorbent system
influence the relationship between energy efficjeand controllability properties, the
process is simulated at different regenerationrd@t temperature3 rin, but with a
constraint that the drying requirement of produatied moistureF,(Xpin-X,)=358kg/h

is satisfied. This gives rise to different regetiera air flowrates that satisfy the
constraint with all other process conditions renmgjrconstant. Energy efficiency and
MRI values are then calculated at these differentitiond using (8.18) and (8.9). To
verify condition (8.26), energy efficiencies of thiesiccant drying system are
calculated for different operating conditions tdget with ARNEE values of the
desiccant dehumidifier. Th&ARNEE values are then compared with the energy
efficiency of the conventional dryer.

_ 30 ‘ ; ‘
OE ---nonlinear model (adsorption)
o 25 —gain-based (adsorption) ]
2 -e-nonlinear model (conventional)
S 20r -=-gain-based (conventional) |
<

2 1o f
O

1

0 10 0 10 20
Percentage change of drying air
flowrate from nominal value (%)

Fig. 8.5. Comparison of temperature drops: sefityithbased and actual temperature-based
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8.5.1. Gain-based approach: validation

Fig. 8.5 shows the relationship between the drgemperature drops calculated from
the gain-based approach (8.7) and that obtainedgugie full nonlinear model
(Chapter 2 of this thesis) at different flows fatlb the adsorption and conventional
dryers. Good agreement is observed in both cakes, validating the gain-based
model irrespective of the dryer type. As seen ie figure, the adsorption dryer
temperature drop is greater than that of the canweal dryer at each flowrate. This
is explainable by the dehumidification-induced dgyirate increase and the
consequent extraction of more water from the progac unit mass of drying air.

From these temperature drops, energy efficiencethe conventional and adsorption
dryers can be obtained (using (8.5) and (8.18)& g&in-based model thus provides
another way of accurately calculating the enerdiciehcy of dryers using results
obtainable from simple step tests around desiregabipng conditions. In addition to
giving information on energy efficiency, system trotlability properties can also be
derived simultaneously when the sensitivities wehkpect to drying air flowrate (in
the model) are combined with other input (e.g.tiale temperature) sensitivities.

8.5.2. Performance analysis of design modification

Using the gain-based model for energy efficiendgudations, the results obtained as
presented in Table 8.1 show that witgrand T, are inputs for both dryers, a higher
energy efficiency is attained for the adsorptioyedr Simultaneously, a high®Rl is
achieved. One reason for this is the fact thatcthveditions stipulated in Section 8.3
are met. The elemen&/0F, and 0Tao{0Fa are increased in magnitude relative to
that of the conventional dryer while the change&Tigyu/0Tan andoXy/0Tain are such
that the determinant magnitude to the norm rati@ sfightly increases. A reason for
the increased gain magnitudes is the fact that dehfication leads to sorption heat
release so the combined effect drives the outpustore and temperature further than
would be possible without dehumidification. Theajest controllability advantage of
an adsorption dryer is the introduction of extratcol degrees of freedom. Th&RIs

of the 10 SISO control structure possibilities (lBaB.1) shows that some of them
(e.9.Fa & Far Tain & Faror Tain & F) are higher than that of the only option for the

Table 8.1. Gain matrices, MRIs & Efficiencies
dgorption dryer Conventional dryer
Fa Tain Fz FaR TaRin Fa Tain
G % -0.010 -0.0075 0.0080 -0.0441 -XB0? X -0.0045 -0.0053
Taowr 1.0937 0.9739 0.0481 -0.2642 -x0* Taowr 0.6140 0.9827
Full FJTa, FJF, FJ/Far FodTarin TanF,
MRI 0.05 0.0010 0.0085 0.0452 x40" 0.0084 9.96x10"
Tainll:aR Tain/TaRin Fz/FaR Fz/TaRin FaR/TaRin
0.0445 1.410" 4ex10'¢ 6.8x10"° 3.3x10™
n 60% 51%
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Fig. 8.6. Resilience of energy consumption to amtbéér temperature variations at different
regeneration temperatures (adsorption dryer) attteadrying temperature (Conventional dryer)

conventional dryerR, & Tain). Moreover, the full 5x2 system matrix has MRI as
high as 50 times that of the conventional dryenralgh the controller becomes more
complex. Other intermediate control structures @taiwn in the Table) like the use
of 3 or 4 inputs to control the 2 outputs also eki$ possibilities) with most of them
having higheMRIsthan the conventional dryer.

Fig. 8.6 shows the sensitivities of energy consumnptto ambient air
temperature/humidity changes for both the conveatiadryer and the adsorption
dryer at different regenerator inlet temperatuogffate combinations required to
keep the product moisture constant. By regenerairggh temperatures (which is a
requirement for desiccant adsorption systems tairensffective utilization), the
system energy input of the regenerator is lessitsgndo ambient temperature
variations. For conventional low-temperature dryeh®wever, the energy
consumption rises substantially with decreasingiantdemperature as more energy
is required to heat the drying air to the requiteohperature. In view of this, the
energy efficiency of the adsorption dryer is lesssstive to ambient variations when
compared with conventional dryers.

By varying the extra degrees of freedom introdudsd the desiccant system,
variations in the process gain matrix occur. Thasteown in Fig. 8.7 (where different
regenerator air inlet temperature/flowrate combamat required to keep the product
moisture constant are applied), the energy effoyermand MRI vary. Higher
regeneration temperatures promote energy efficiavitly regeneration temperatures
usually constrained by the need to keep the adsbibeworking conditions (van
Boxtel et al., 2012). The efficiency improvementws due to the increase in the
capacity of the adsorbent to take in more moisfuoen the drying air, increasing
dehumidification rate (i.e. the additive elementivid in (8.18) and illustrated in Fig.
(8.2)). In the same vein, an increase inNtRl occurs for the full system matrix due
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Fig. 8.7. Variation of energy efficiency and MRIttviadditional degrees of freedom
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Fig. 8.8. Variation of adsorption drying system gyeefficiency and ARNEE with conventional dryer
energy efficiency showing the condition under whiled adsorption dryer is more efficient

to the extra degrees of freedom. In summary, th&tence of regeneration air flow,
temperature and wheel speed as extra degrees eafofre creates opportunities to
further manipulate energy performance and contriitg than would be possible in

conventional dryers.

8.5.3. Adsorber-regenerator net energy efficie®dgNEE) analysis

Fig. 8.8 shows the adsorber-regenerator net eneffggiency ARNEE at different
operating conditions necessary to maintain the gamo@uct outlet moisture content.
As regenerator air inlet temperature reduces, #ugiired flowrate increases more
than proportionately. Similarly, dehumidificationdasorption heat reduce. The result
is that the denominator &RNEE(8.21) reduces. As soon as hRBRNEEfalls below
the energy efficiency of the conventional dryer gystem energy efficiency also
goes below about simultaneously (as indicated byiritersections around the 170°C
regeneration temperature), At this point, the negator energy input just more than
offsets the gain associated with drying air dehuingtion and the attendant sorption
heat release. This establishes ARNEEas a useful indicator for characterizing the

suitability or otherwise of a given desiccant systéor improving the energy
efficiency of a dryer.
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8.6. Conclusion

The relationship between process gain matrix widsoaiated controllability
properties and energy efficiency has been estaulisbr convective dryers together
with conditions necessary for simultaneous improaem It has been shown that
using the process gain matrix, the dryer tempegatop and hence, energy
efficiency can be reliably calculated. The gain nmathus provides another way of
calculating the energy efficiency of dryers usieguits obtainable from simple step
tests around desired operating conditions. In amdib giving information on energy
efficiency, system controllability properties cdaabe derived simultaneously.

From mass and energy balances it has been showhythatroducing a drying rate
modifying system as an add-on to the basic comwectiryer, simultaneous
improvement of energy efficiency and controllaildan be achieved. The use of a
desiccant adsorption system as such an add-onnrdtrated as a strategy for
ensuring this as it provides a drying rate addiglement in form of dehumidification
rate which can further be manipulated using thaaextegrees of freedom also
introduced by the system. By virtue of the adsorlvegulation properties which are
enhanced by high-temperature regeneration, thierese of energy performance to
disturbances is significantly improved compareddoventional dryers.

Also, a desiccant wheel performance indicator, ddsorber-regenerator net energy
efficiency ARNEEis introduced which though related to existingigatbrs is better-
suited to the specifics of the use of desiccanudedifiers in drying operations. It is
shown that the desiccant is effective in improvemgergy performance only if the
ARNEEIis greater than the energy efficiency of the stalothe dryer. This result is
valuable as the indicator provides a short-cut reedmaking decisions on the wheel
specifications required to improve the performapicexisting convective dryers.
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On dryer controllability and energy performance:
generalized modeling and experimental validation

Submitted as Atuonwu, J.C., Asselt, C.J. van.,t&taG. van., Deventer, H.C. van.,
Boxtel, A.J.B. van (2012). On dryer controllabilitgnd energy performance:
generalized modeling and experimental validation.

Abstract

Measured temperatures as commonly used in dryeggeéiciency calculations lead
to severe over-estimations when heat losses andisamt. In this work, an approach
establishing the relationship between dryer progesas and energy efficiency is
developed and generalized for continuous and bdtgers with significant heat
losses. Using the process gains, the dryer temperdtop due to water evaporation
is successfully decoupled from heat loss and pirotieating effects. The process
gains in addition to providing controllability imfimation thus also provide a viable
alternative for reliable energy efficiency calcidateven for non-adiabatic processes
where the use of measured temperature drops islgrosccurate. The approach is
tested and verified on two experimental case ssuidieolving significant heat losses:
the first, a continuous fluidized-bed dryer (frontedature) and the second, a
conventional and zeolite wheel-assisted batch ddgsigned in the current study.
Effects of the zeolite wheel on system performaareealso investigated.

Keywords Energy efficiency, dryer heat loss, process geamtrollability, desiccant
wheel effects, batch and continuous dryers

9.1.Introduction

Drying is a high energy-consuming operation for ahhprocess control is important
to achieve optimal energy performance and produality regardless of disturbances.
When hot air contacts the wet product during dryithg sensible heat of the air is
converted to latent heat and the air temperatumpsdr The magnitude of this
temperature drop is a measure of the amount ofrveatgporated for the given input
energy. Consequently, the temperature drop actessdtyer is often taken as a
measure of the dryer energy performance. Exampfeteraperature drop-based
energy performance measures include the specieggnconsumption (Baker and
McKenzie, 2005; Al Mansour et al., 2011) and eneefficiency (Raghavan et al.,

2005; Kudra, 2004; Kudra, 2012). The temperatuop @ttainable for a given drying
process has also been shown to be dependent oairtheimidity which can be

manipulated by dehumidifiers (Atuonwu et al., 2011€onsider a typical drying

system as in Fig. 9.1, where ambient air at tenmpe¥d ., is heated to a desired
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temperaturd,, and used for drying so the air exits the drydeatperatur@ 4oy The
energy efficiency is often computed (Raghavan.e28l05; Kudra, 2012) as

n= (Tain _Taout)/ (Tain _Tamb) (91)

The temperature drop across the dryign{Taou) IS thus an important variable and for
a given inlet temperature, the degree of enerdization depends on how low the
outlet temperature is. It is also an establishedsme for product moisture control
(Robinson, 1992). Recently, Atuonwu et al. (2012stablished a link between dryer
energy efficiency and controllability in which itas found that the temperature drop
is linearly related to process output sensitivitieslowrates. The study which was
also extended to desiccant-assisted dryers didonsider heat losses and was limited
to continuous dryers. Heat losses however haveifisignt impacts not only on
energy efficiency but also on controllability. Gagton et al. (2000) in a study of a
batch dehumidifier dryer showed the difficulty, diweheat losses, in maintaining the
drying temperature at the design point leading ighdr drying times and energy
consumption than necessary. Heat losses thus esppiless of control power as well.

The use of the temperature drop in energy effigienalculation is reasonably
accurate only if the outlet temperature is constard representative of the drying
process (Grabowski et al., 2002). For practicaedsyhowever, this is usually not the
case for a number of reasons. The dryer outlet éeatyre is not constant when the
process goes through different drying regimes thieefalling-rate period especially in
batch dryers. Also, not all the heat energy sugdgbeused for water evaporation. Part
of the energy constitutes heat loss from the dbgety to the environment and part
used for product heating in the falling-rate dryjpeyiod. As shown in Fig. 9.2, the
dryer inlet temperatur&,;, reduces as a result of evaporation effects toasieputlet
temperaturél®,and further to the measurable outlet temperafusg due to dryer
heat loss and product heating effects. The medsucaitlet temperature is therefore
not only representative of the drying process Hdsb &f heat losses and product
heating. If the effect of water evaporation is sssfully decoupled from product
heating and heat losses, the resulting energyiesifig calculation based on the
differenceTain-Touremains valid regardless of product heating and losaes.

In this work, this decoupling is achieved using éhements of the dryer process gain
matrix. The quasi-outlet temperature is truly repreaative of the drying process.
Hence, reliable energy efficiency calculations aohieved even for non-adiabatic
processes where using measured temperature dropsadsurate. Experimental
validation is provided by considering two case &sdThe first involves a continuous

Fa, Tamb ,Y

ain H T' D Taout
Ambient air el Fo. Xoim ryer X

p
Wet produc Dry product
Fig. 9.1. Typical drying system set-up
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Fig. 9.2. Equivalent circuit of typical drying sgsh set-up heat utilization

fluidized bed dryer taken from the literature atrger inlet temperature of 180°C. In
the second, an experimental set—up involving ahbdtyer with the possibility of
incorporating a zeolite wheel is designed. Dryiagperature is limited to 50°C. The
link between energy efficiency and process gaimgbéished earlier is also shown to
be valid for the batch dryers and continuous dryath significant heat losses. The
effect of zeolite wheel dehumidification on systparformance is also evaluated.

9.2. Background and mathematical model
9.2.1. Continuous dryers

Consider the continuous drying system (Fig. 9.1 @ryer output variables product
moisture conteni, and air temperatur@,o, are controlled by input variables air
flowrate F, and inlet temperatur€,, to minimize the effect of disturbances. Taking
energy balances around the system, the sensiblddsseof the drying air across the
dryer equals the latent heat gain plus heat lamséproduct heating

Fa (Cpa +Yainva)(Tain _Taout) = I:p (X pin — X p )AH vt Qoss + Qpheat (9)

The energy efficiency is defined as the ratio & ldtent heat of water evaporated to
the total dryer input energy. The latent heat dfewavaporated is given by

Qoup = Fp (Xpin = X )AHy = Fa(Yaout = Yams)AH, (9.3)
while the dryer input energy for ambient tempem@iuf,pis

Qo = Fa(Cra + YamtCov )(Tain = Tams) (9.4)
Hence, by combining (9.3) and (9.4), the actuatgnefficiencyy is

17 = (Fa (Yaou = Yamo)AH, )/ (Fa(Cra + YamiCou ) (Tain = Tarmy)) (9.5)

From (9.2), the rate of latent heat gain by therdyair is
Fa (Yaout_Yamb)AHv = Fa(Cpa +Yamk£:pv)(Tain _Taout) _Qoss_Qpheat (96)
Putting (9.6) in (9.5), the actual energy efficigman be written as

,7 = [(Tain _TaOUt)/ (Tai“ _Tamb)] _[(Q055+Qphea)/ (Fa(Cpa +Yakapv)(Tain _Tamb))] (9.7)
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This clearly shows that when heat losses are siginif, the common expression (9.1)
grossly over-estimates energy efficiency.

Now, performing sensitivity analysis of the enelgplance (9.2) with respect to the
inputs, air flowratd-; and temperatur€,;, respectively,

Tain = Taou = (Fa OTaou/0Fa) — (Fo /K)(@Xp /0F ) + (1Y KAH, )((Qoss+ Qonea)/ OFs)  (9.8)
(0Taou/Tain) + (Fo/ K J(@X . /0Tain) + (1 KAH, )((Quoss + Qpneat)/0Tain) =1 9.9)
where K =(Cpa + YanCpv )/AH,

The rate of heat lo3ssat any air flowraté-, is given by

Qloss = Fa (Cpa +Yai“CpV)(Tain -T NLaout) (9.10)

where TV, which is less thafT,, because of heat loss is defined as the no-load
outlet air temperature (assuming no product isdedned in the dryer). Hence, using
(9.10) to evaluate the last term of (9.9),

8Quss/ OFa = (Cpa +YarCpn ) Fa 0T ™ s/ + {Tan ~T ") (9.11)

Substituting into (9.9),

Tain _Taout = Fa (aTaout/aFa _aT NLaout/aFa)_ (Fp/ K)(GX p/aFa)

(9.12)
+(1/ KAHV)(anhea/ oF. + KAHV(Tain T aout
The last term of (9.12) is exclusively due to tiileas of product heating and dryer
heat loss while the first two terms are mainly daewater evaporation from the
product. The system is therefore decoupled. Heacelose approximation to the
temperature drop due to water evaporation effdotseds

Tan =T aout = Fa (0 Taout/OFa =0T " a0/, )~ (Fp /K )0X p /0F..) (9.13)
The corresponding energy efficiency is

¢}
_ Tain _T aout

= .19
Tain _Tamb x )

g

The gain matrix element-dependent temperature (Bd@8) is thus valid for energy

efficiency computation regardless of heat lossasudtrial data from Reay (1984) for
a continuous fluidized bed dryer with significardah losses, described in Langrish
and Harvey (2000) is used to demonstrate this tréset.
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9.2.2. Batch dryers

For a batch dryer, the product moisture and tentperaannot achieve steady-states.
However, under certain product conditions for ins&high surface area to volume
ratio, constant drying rate regimes can be expee@nwhere the drying rate is
essentially constant for any given input conditidnscontrast to continuous systems,
the control objective is to ensure the product maogsfollows a given trajectory and
terminates at given conditions (Trelea et al., }99%chieving this path means
manipulating the drying rate, which in many casashlidown to remain steady during
large portions of the process. Hence in translatwegresults (9.13) to batch systems,
the sensitivities with respect to drying rate i®disnstead of product moisture. The
following energy balance applies on the dryinguaider steady-state (drying rate):

rAH, =F ((Cpa +Yainva)Tain - (Cpa +YaouthV)Taout) - Qoss (915)

Product heating is minimal for constant drying raiel so is neglected in (9.15). The
actual energy efficiency is the ratio of evaporateder energy to total input energy

rAH,
Fa (C pa +Yainva )(Tain _Tamb)

(9.16)

/7batch =

Differentiating the energy balance (9.15) with mspto F, considering the
expression foQxss Sensitivity (9.11) as was done in the case ottrinuous dryers,

Tan =T aout = Fa (0Taout/OF2 —0T " s/, )+ (1/K )(0r/0F..) 9.17)

By (9.17), the temperature drop due to water eatjmor is decoupled from heat loss
effects. The gain-based energy efficiency calooitatior the batch system is then
calculated from (9.14) with the nelyi,-T%o0ut(9.17). Considering the equations (9.13)
for continuous dryers and (9.17) for batch dry#rs,difference lies in the second part
where product moisture content and product floweatereplaced by drying rate. The
difference in signs is because drying nate an increasing function of air flowrafg
while product moisturé, decreases with.. The approach is thus generalized.

9.2.3. Adsorption dryers

If a continuously-rotating adsorbent wheel is cedpto the batch drying process as
shown in Fig. 9.3, the temperature of the inlethte drying air heater (Heaterl) is
increased from ambient vallgy, to a higher valu@,a due to adsorption heat release
which accompanies the dehumidification. Also, extreergy is spent heating the
regeneration air (via Heater2) from ambient temioeea to regenerator inlet
temperaturd 4rin. FOr a regeneration air flowrafgg, the energy consumed becomes

QnSYS: FaR(Cpa +Yamlppv)(TaRin _Tamb) +F (Cpa +YaAva)(Tain _TaA) (918)
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Fig. 9.3. Adsorbent wheel-assisted drying system

By the same method used in deriving (9.1), the tatpre drop-based energy
efficiency approximation is

lsys= I‘AHV/QnSYS: (Tain _Taout)/(Tain —Taa +(FaR/ Fa)(TaRin_Tamt)) (919)
For the gain-based approximation we replge Taoutin (9.19) byTain-T %0ut (9.17).

9.3. Case studies

Two case studies are used to test the relationisbiwveen the process gains and
energy efficiencies as derived in Section 9.2.tFirglustrial data taken from Reay
(1984) and described in Langrish and Harvey (2060r continuous fluidized bed

dryer with significant heat losses is used. Therapgg temperature is 180°C which
is reasonably high and the product dried is calcaxwe. Second, an experimental
set-up involving a batch tray dryer is designechvatdetachable rotary wheel filled
with zeolite acting as a dehumidifier. Part of s of the study is to determine the
effect of the dehumidifier wheel on the sensitesti(process gains) and energy
performance. Thus in a reference experiment, theeWls detached, reducing the
dryer to a conventional one. Since steady-statalitons cannot be achieved for
product moisture content in a batch dryer, the pcodried are in such experimental
conditions that constant drying rates can be aedieat each input operating point.
The drying rate is taken as the state variableawsbof product moisture content.

9.3.1. Case 1: Continuous fluidized bed dryer witnificant heat losses
9.3.1.1. Process description and method

Depending on the scale of a drying system and pegating conditions, heat losses
can be highly significant as is the case in Fig. @hich presents an experimental
study (Reay, 1984), reproduced in Langrish and &ar{2000). The measured
process conditions (the operating inlet, outletasid product conditions) and process
gain matrix elements as obtained in Langrish and/é{a(2000) are shown in Table
9.1. Heat loss is reported to be of magnitude 78¥ 8vhich for a calculated drying
latent heat loadFy(Xyin-Xp)4Hy of 80kW is highly significant. To test the effedttbe
heat losses on the proposed gain-based tempedatyrenodel as opposed to using
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Fig. 9.4. Continuous fluidized bed drying systenediR 1984)

Table 9.1. Operating conditions of the fluidizedi laeyer (Reay, 1984)

Measurement point Measurement (Units) Value Catedl&ains
4 Process air mass flowrate (kgs- 1.55 0X,/0Fa=-0.0144
Process air temperature (°C) 1800T 0, /0F,=25.3871
Ambient air humidity (kgkg) ~ 0.027
5 Feed moisture content (kgkg  0.15
Feed temperature (°C) 25
6 Product mass flowrate (kgs- 0.3
Product moisture content (kgkg 0.02
Product temperature (°C) 60
7 Exhaust air temperature (°C) 60

Exhaust air humidity (kgk§  0.052
Exhaust gas mass flowrate (kjs- 1.55

measured temperature drops, energy efficienciesamn@uted using three equations:

I. The equation (9.5) which computes the actual &fficy
ii.  The temperature drop approximation (9.1) usingmiveasurements
iii.  The gain-based approach (9.13) and (9.14) proposiis work

The ambient temperature is an important variablegnen. Hence, calculations are
done for an ambient temperature range 30-50°C faclwthe ambient air relative
humidities are realistic considering the value dfe tambient air humidity
(0.027kg/kg). The no-load temperature sensitivéyneglected (being not given in
Reay, 1984). This is a reasonable assumption fgin-tamperature low flow dryers
with very high heat losses as in the current caser&v{Tain-T" aou)>>Fa0 T aoulOFa
soFadT " ,u/0F . disappears from (9.13).

9.3.1.2. Results on continuous dryer case study

The results of lumped energy efficiencies calcalateing the equations in (i), (ii) and
(iif) are presented in Fig. 9.5. It is observedttfa all ambient temperatures, the
efficiencies calculated by the gain-based tempezadvops closely approximates the
actual energy efficiency while the normal tempematlrop calculations derived from
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Fig. 9.5. Variation of energy efficiencies as comeguby different equations with ambient temperature

measurements severely overestimate the energyeeffic and as such are grossly
inaccurate. This confirms the derivations in Set8a®. The gain-based approach thus
provides another reasonably accurate way of caloglanergy efficiencies of dryers.
The process gains can be obtained experimentaliy the plant by step response
tests around desired operating conditions. In amdib giving information on energy
efficiency, system controllability properties cae @erived simultaneously when the
sensitivities with respect to drying air flowrateeacombined with other input (e.g.
inlet air temperature) sensitivities as was shawbangrish and Harvey (2000).

9.3.2. Case 2: Batch dryer (Conventional and zealiheel-assisted)
9.3.2.1. Experimental equipment: description ansigie

The experimental set-up is as shown in Fig. 9.6aisAdrawn into the system from
the environment via the fan (A), driven by an intile motor. The air is divided at
junction B between the process and regeneratioessiihe flowrates of the air
through the process and regeneration sides areataggly controlled by means of
control valves C and D. The regeneration air ghesugh the regenerator air heater E
before passing through the upper side F of the beai@ containing the regeneration
section of the motor-driven adsorbent-filled rotavpieel (Fig. 9.6b) of which the
bottom through I is the adsorber side. The exhamdtom the regenerator from pipe
H is vented to the atmosphere. The process aiherother hand flows through the
adsorption section of the wheel, through I. It éated by heater J, flows through the
inlet K of the drying chamber L to contact the webduct and exits the drying
chamber through pipe M. Heaters E and J are céedirbly time-proportional heating
elements. The flowrates are measured by hot wieenameters while adsorber and
regenerator inlet and outlet temperatures are meaddoy thermocouples. For the
dryer, the inlet and outlet temperatures are meashby combination temperature and
relative humidity sensors from which humidity rati(kg water/kg air) are calculated.
The mass of the product in the dryer is determimgedontinuous mass measurements
from a weighing scale N to which the dryer traypmmled from loosely tied rods is
attached so it directly bears the weight on the ff@ set up a reference experiment,
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Fig. 9.6b. Rotary zeolite wheel within Chamber G-if. 9.6a (regenerator top, adsorber bottom).

the wheel is detached so the system reduces tongewtional dryer. Details of the
experimental equipment and sensor specificatiomsnafable E1, Appendix E.

9.3.2.2. Experimental equipment: primary contrateyn design and tuning

The primary input variables of the system are thetrol valve positions for the
adsorber and regenerator air flows and the “ON’etiai the heating elements for
corresponding temperatures. The system is thushput; 4-output system. The aim
of the experiment is to investigate the step respsrof the outputs to process inputs
and on the basis of the obtained gains, computgdhebased energy efficiencies. It
is therefore important to have a means of deligecontrolled flows and temperatures
which can then be varied in steps as necessary.igdione by designing Proportional
Integral (PI) control loops details of which areagable in Fig. E1, Appendix E. The
control system is implemented in LABVIEW® (Natiorlaktruments, Austin TX).

9.3.2.3. Experimental method

The experiment essentially involves a series qf ststs in which the input variable,
air flowrate is varied in steps and system respomtermined. From these, gain-
based energy efficiencies are calculated. For erente experiment, the wheel is
detached and the regeneration airflow set to zerothe system reduces to a
conventional dryer. The drying system is startedaond the set-point for dryer air
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flow set to a nominal value of 50kg/h. Then the s#nty of no-load outlet
temperature to air flowrateT\",,/oF 4 is determined by running the dryer (without
any product within) and changing the flowrate iepst at an inlet temperature of
50°C. The dryer is then loaded with the product.

Since the experiment requires constant drying rateker constant input conditions,
the product dried is chosen to be in such structcoaditions as would permit
constant drying rate periods for appreciable period time within which each
experiment would take place. Water-soaked sponfjésngth 9cm, width 6cm and
thickness 3cm are used as drying materials. Byeidf their porous structure, they
exhibit appreciable constant-rate drying periodtsoAthe surface area to volume
ratio is sufficiently large. For material prepaoai the sponges are soaked in water,
brought out, squeezed gently to take out excessrvaaid then left to stand for about
thirty minutes to drain off excess water beforediog onto the dryer.

An important requirement is that the dried prodechains in the constant-rate drying
regime throughout the experiment since under falime conditions; it is not
straightforward to distinguish the change in dryrates due to input conditions from
that due to product properties. A test is donectemine the time for which constant-
rate drying is maintained under nominal flows aschperatures of 50 kg/h and 50°C
respectively. The drying curves are shown in Fig,. Appendix E. Over a period of 2
hours the drying rate is practically constant, llastrated by the detailed plot for the
first two hours in Fig E2(b). Each experiment iggldesigned to be concluded within
2 hours. Step-flowrate patterns are applied tesys¢em and the drying rate and outlet
temperature responses determined. The drying aatedetermined by differentiating
continuous mass measurements with respect to Keaf, et al., 2001).

The same procedure stated in the foregoing is tegdar the entire system with the
zeolite-filled wheel attached. Throughout this expent, the regeneration air flow is
set to one-third of the drying air flow while reggation temperature is set at 100°C,
and wheel speed at 10rph. For fair comparison beivlee energy efficiencies of two
dryers under different inlet (input) conditions,ist important to ensure the drying
capacity of the exhaust air (determined by thetikedahumidity) is the same in both
cases. That way, the difference in energy effigesnds determined by the input
conditions and not the outlet air conditions. Tikithe case with the conventional and
zeolite-assisted dryers where the dehumidificatiothe latter reduces the inlet air
humidity and hence increases drying capacity. feans lower drying air flowrate is
required for the same wet product size to achidve same outlet air relative
humidity. But since the main aim of the experimento establish how drying air
flowrate step responses can be used to calculategerefficiencies, it is also
necessary to excite both dryers with the same lawrdte magnitudes. Hence, a
higher wet product loading (with more contact scefarea) is used for the zeolite-
assisted dryer to ensure that for the same air, ftoe exit air has the same relative
humidity as that of the conventional dryer.

134



On dryer controllability and energy performancengyalized modeling and experimental validation

9.3.3. Results on batch drying system
9.3.3.1. Conventional system

Fig. 9.7 shows the drying air flowrate step pattensed in exciting the dryer under
no-load conditions and the corresponding outletpnatture variations. As air flow
decreases, the specific heat loss increases disctute heat loss remains essentially
constant. The outlet temperature thus falls. Arwk wiersa. The no-load dryer outlet
temperature sensitivitypT a0/ OFa is calculated from here. On loading the
conventional dryer (zeolite wheel detached) withdorct, the step pattern shown in
Fig. 9.8 is applied and the corresponding respomgeproduct mass, outlet air
temperature and drying rate are also shown in%R). Based on the drying rate and
input conditions, the actual energy efficiency adcalated by (9.16) and compared in
Fig. 9.9 with efficiencies calculated by the comvemal temperature drop-based
equation (9.1) and the gain-based equation ( (%ad)(9.17)) proposed in this work.
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Fig. 9.9. Comparison of energy efficiencies caltadausing various methods based on results for
conventional batch dryer

For the gain-based approach, the instantaneougyea#iciency is approximated by a
piecewise constant function at each step regioe. résults as presented in Fig. 9.9
shows that once again, the results of the gainebesaperature drop approach more
closely approximates the actual dryer energy efficy than the conventional
temperature drop approach based on measurements.

9.3.3.2. Zeolite wheel-assisted batch dryer

With the zeolite wheel in place, the air is dehufied. As shown in Fig. 9.10a, the
dryer inlet air humidity is reduced relative to tited the conventional system from
about 0.0082kg water/kg air to 0.005kg water/kg kar a fair comparison with the
conventional dryer (as already explained in sec®@2.3), the zeolite dryer is loaded
with 0.660kg wet product as against the 0.450kgl Use the conventional system.
This ensures that the exhaust air relative huneslifas shown in Fig. 9.10b) are about
the same (that of the zeolite-assisted systemrstitlains slightly lower for most of
the time and hence still has more unutilized caphaci

When the same dryer step magnitudes as for theeotional system are applied to
the current system, the responses of product noasigt air temperature and drying
rate are as shown in Fig. 9.11. Relative to theventional system, similar trends in
output variable behavior in response to the stems abserved. However, the
magnitudes are different as will be discussed entbixt section.
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Fig. 9.10. Dryer inlet air absolute humiditigg and outlet air relative humiditi€b) of conventional
and zeolite wheel-assisted dryers
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Fig. 9.13. Comparison of energy efficiencies calted using various methods based on results for
zeolite wheel-assisted batch dryer — without heabvery via regenerator

The applied regeneration conditions are shown @ Bil2. A comparison of the
energy efficiency calculations as presented in gifj3 also show that the gain-based
temperature drop approach is far more accurate tiarconventional temperature
drop approach. The gain-based approach is thusricmdf as a viable alternative for
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energy efficiency calculations for both conventiomad adsorbent dehumidifier-
assisted systems even in cases of significant hesstes where conventional
temperature measurements grossly over-estimatgyepéiciency. Hence, using the
gain-based approach, information on system eneffigieecy can be obtained in
addition to controllability properties, as has attg been shown.

9.3.3.3. Effects of the zeolite wheel on overatey performance

By comparing the results of Figs. 9.8 and 9.9 {f@ conventional system) and Figs.
9.11, 9.13 and 9.14 (for the zeolite system), thlewing observations stand out:

Drying rate is increased for the zeolite systent.ikRstance at nominal drying air
flowrate of 50kg/h (first period in Figs. 9.8 andlL®), drying rate increases by
14% from 0.057kg/h to 0.065kg/h. At the maximumafl@00kg/h), the increase
is also about 14% from 0.093kg/h to 0.106kg/h.

Drying capacity per unit mass of air is increasgdabout 34% using the zeolite
system. Here, drying capacity per unit mass oisaitefined as the grams of water
evaporated from the product per kg of drying aibrnging the air to a certain
exhaust relative humidity. For the conventionaledry63g of water (480-387) is
evaporated in 1h with an air flowrate (averagedrdiee) of 58.4kg air fi. The
drying capacity is thus 1.08g water/kg air. For t#eolite-assisted dryer, the
amount of water removed in 2h is 130g (660-130¥%66g water i. The air
flowrate averaged over time is 44.875kg atr fihe drying capacity is thus 1.45g
water/kg air, representing a 34% increment.

The sensitivities (process gains) of drying ratprimduct air flow increases due to
the zeolite. For instance, in response to the saimeage of flowrate from 50 to
100kg/h, the drying rate changes from 0.065 to &fOwvater/h for the zeolite-
assisted system representing a gain ofi?2 kg water/kg of air. Whereas for the
conventional system, the drying rate changes fra@bakg/h to 0.093kg/h
representing a gain of &20* kg water/kg of air. Similar results are obtained f
other flowrate steps and for the dryer outlet terapges. A reason for the
increased gain magnitudes is the fact that dehdication increases drying
capacity which drives the drying rate and tempeeatiurther than would be
possible without dehumidification. This agrees wthle results of previous work
(Atuonwu et al., 2012b) for continuous systems.

In terms of energy efficiency (compare Figs. 9.9 &13), the increase in the
drying rate and capacity is offset by the extraeregation energy requirement.
This is because the operating conditions of thditeesystem are not optimized to
higher regeneration temperatures and lower regeoerair flows (see Atuonwu
et al., 2011b) due to heater power limitationshef éxperimental set-up. However,
the zeolite system introduces opportunities fordbieral heat recovery by virtue
of the relatively high regenerator exhaust tempeeatvhich does not exist for the
conventional dryer.
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Fig. 9.14. Comparison of energy efficiencies calted using various methods based on results for
zeolite wheel-assisted batch dryer — with heatwegovia regenerator

To demonstrate the foregoing, a calculation is dehere part of the regeneration
outlet air energy is recovered and used in prexingdlhe regeneration inlet air. For a
mean regeneration exhaust air of 70°C as shownign 12 and assuming heat
recovery is by a heat exchanger with minimum temmpee difference of 20°C, the air
to the regenerator heater is preheated from anesrnbalue of 28°C to 50°C. As

shown in Fig. 9.14, energy efficiency is increas#deach time by about 50%
compared to the conventional system. This represan®3% reduction in specific

energy consumption. If higher regeneration tempeeatare used, the possibilities of
beneficial heat integration increases even further.

9.3.4. Further discussion

The low energy efficiency magnitudes recorded ins tlexperiment for the
conventional and zeolite-assisted batch dryersigstd a number of factors. First, the
small size of the dryer and low product loadinguhessin a low degree of energy
utilization as a result of which the dryer outlét r@lative humidity is still too low,
about 20% (Fig. 9.10b). Assuming the dryer is larged well loaded or the air
recycled until it exits at higher humidities, energfficiency will be increased
considerably. An alternative arrangement will be tise of low air flowrates but this
has the disadvantage that the system will not ficiemtly excited to get good
process gains necessary to prove the main contépsavork. Secondly, heat losses
are significant. Under nominal drying air flow o0Kg/h, heat loss is 215kJ/h as
shown in a heat loss estimation test (Fig. E3, AppeE). This is higher than the
latent heat of the water evaporated per hour (ab®@itJ/h).

It should be noted that this analysis considery onohstant-rate drying regimes. The
results are also applicable to other drying materag. food products provided the
surface area to volume ratio is sufficiently highfacilitate appreciable constant rate
drying regimes. This can be seen for instancennefial. (2011) where there is an
appreciable constant rate drying period for bracfiotets and stalks at low sample
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thickness. During the falling rate periods, enegfficiency is expected to drop due to
product drying kinetic limitations. To extend thaimtbased energy efficiency
calculation approach to this drying regime, an @oldal challenge would be to
distinguish drying rate changes due to the air falhanges (at step tests) from those
due to product behavior-dependent diffusion-cofdédbfalling-rate mechanisms. This
should represent an interesting research challenge.

9.4. Conclusions

In this work, a generalized model relating dryimgqess gains and energy efficiency
has been formulated taking into consideration, hesg effects for both continuous
and batch operation. For batch operation, the mtodwisture content for which
steady states do not exist was replaced by dnatey iThe effect of incorporating a
rotary zeolite wheel on the batch drying systenfguerance was also investigated.
The following are the major conclusions of the work

» The energy efficiency computation by the gain-basedperature drop approach
closely approximates the actual energy efficiemogspective of heat losses. This
is because the gain-based approach decouplestdmyperature drop due to water
evaporation from heat loss effects. Conventionaipierature drop approaches
based on actual measurements however grossly stiarage energy efficiency
when heat losses are significant. The results aliel yor both continuous and
batch systems with or without adsorbent dehumidiio and also for adsorbent-
assisted systems with regenerator heat integrafiba.gain-based approach thus
provides a reliable alternative to energy effickermalculations. Hence using
simple step tests, information on system energicieffcy can be obtained in
addition to controllability properties.

* By incorporating a desiccant wheel to the basiandyyystem, drying rates and
capacities are increased. In terms of energy eff@y, these advantages may be
offset by the extra regeneration energy requiremenbwever, opportunities for
beneficial heat integration are introduced by wrai the high regenerator exhaust
temperature, thus promising a considerable incrieeseergy efficiency.

 Using the desiccant wheel, process gains are isetga confirming
experimentally, the results of previous studiesuPpiwu et al., 2011a; 2012b)
which focused only on continuous systems withoyiregiable heat losses. The
process gain increase is linked to the energyieffay improvement.
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Reducing drying energy consumption using adsorbents
reflections and outlook

10.1. Reducing drying energy consumption: a reflete look

Reducing energy consumption in process systemsimenan important research
challenge in view of the continuous strain on tleeldting energy resources and the
associated cost and environmental implications.afgrgiven energy source, a major
way of reducing energy consumption in any procass$oiincrease the degree of
energy utilization or energy efficiency. For dryipgocesses, removing 1kg of water
from a product requires about 2500 kJ of energyrassy a 100% efficient system.
Yet, for conventional dryers, energy efficiencyims the range of 20-60% which
implies an energy requirement of about 4170 kJespwnding to about 1.6 kg of
steam to remove 1kg of water at the upper endefdahge. Drying thus consumes a
significant proportion of total industrial energnd 