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Abstract

This dissertation examines, analyses, implements, arldage® an innovative
software heat transfer model for predicting air-to-air heaier(®y) recovered in
pharmaceutical drying clean rooms in Colombia. The approasvidess a synergy
between Reverse Flow Heat Recovery technology and activitiésg@monsumption of
this energy, not solely within the process, but throughout the wholenpbautical
complex (e.g. warehouse, office and alternative processesy. nidviel integrated
modelling tool developed using off the shelf software applicatioh siscMS Excel
combined with MS Visual programming to calculate psychometriatpomass and
enthalpy balances for analysing the operation of heat recoystgnss. This makes the
tool inexpensive and immediately useful “as is”. A case stidydrying operation at a
pharmaceutical company in Colombia is used to aid in a crigwaw of the tool from
a pragmatic real-world perspective.

Results show dryers are potentially large emission sourceseatf in the
pharmaceutical industry, not solely within the process, but througth@utwhole
pharmaceutical complex (e.g. warehouse, office and alieenatocesses). The project
also illustrates that as weather variations are not rapignwcompared to control
systems such as ABS breaking on a car or other millisecond ceydtems, use of MS
Excel derived models, which have a greater user friendlyface can be valid
inexpensive tools with immediate energy saving potential. Madtieah models based
on these input-output relationships were developed. The assumptidnsgaations

used to arrive to the heat recovered are given in aldi@@man Model Interface.
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ACH
API
BMS
Btu
CFM
cGMP
Cp
Dwell
ELC
GWh
HEPA
HR
I/O
HVAC
ISO
kWh
MAU
MBtu
micron
m3
ULPA

Nomenclature

Air changes per hour

Active Pharmaceutical Ingredient

Building Management System

British Thermal Units

Cubic feet per minute

Current Good Manufacturing Practices
Specific heat capacity

Duration in time of the dampers operation
Easy Logic Controller

Gigawatt Hour

High Efficiency Particulate Air

Heat Recovery

Input and Outputs

Heating, ventilation, and air conditioning
International Organization for Standardization
Kilowatt-hour

Make-up Air Unit

Million British Thermal Units

A unit of length equal to one millionth (10) of a meter.
Cubic meter

Ultra-Low Penetration Air
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Chapter 1

Introduction

1.1Introduction

This chapter defines the energy management problem to be intexbtigates
the context of the research in Colombia focusing in energy wsateequirements for
pharmaceutical production areas and clean rooms, and posth&ateope of work.

Considering pharmaceutical drying as a particularly energy-cangum
operation and a potential large emission source of heat, thenpdissertation studies
air-to-air heat (energy) recovery options at pharmaceuticghg clean rooms in
Colombia, and proposes user-friendly software of Reverse FlowRégavery to show
the heat recovered from the drying operation and the enermgsade the end user

1.2Background
1.2.1 Structure of Energy in Colombia

The electricity sector in Colombia is dominated by large hydrep@eneration
(65%) and thermal generation (35%), although Colombia electridiégygely generated

using renewable energy technologies (i.e. hydropower), furtiergsain areas such as
Reverse Flow Heat Recovery are possible and viable.
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Figure 1. Map of Colombia [2]

According to the International Energy Statistics [1], Colomimasumed 381
billions kwh (1.3 quadrillion BTUs) of total energy in 2007. Oil comngéit the largest

part of this amount, followed by hydroelectricity.

Hydroelectric
power

3%
MNatural Gas
19%
Other
Renewables
0%

il
Source: EI& International Energy Statistics 2007 42%

Figure 2. Total Energy Consumption in Colombia, by Type
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Colombian Energy Demand

The energy demand by sectors is divided in Giga Watt Hourshasn in
Figure 3(a); the industrial sector represents 21.70% [3]. Fig(bk shows the most
important industries from the electric energy consumption point of .view
Pharmaceutical companies’ energy consumption represents abé0%16f the total
industrial sector.

Energy consumption by sectors in Giga Watt Hours

Tramsportation. &.100%

Machinery and
squipments 5 20%

Orber Thers , 4.80%

/-Fmd: 2.20%

Shos and laather,
1408

Stealand won , 16.304

14509, : ——  Praidertial
43 608
Cament , 10.40%

Cthers, 2.50%— T _Fabric and clothes,

. 13.50%
Caramies, gassas, J‘ : \_
4.70% \ Fumitvre , 140%
Indusmial, 21 707~ vnshuction, 0209 16.40% Papar and printing,
i 5.80%
Agicudtural 4.00%
(a) (b)

Figure 3. Colombian energy consumption by sectors (GWh)

Although energy costs typically represent a small percenfaigead production
cost in the pharmaceutical industry, the cost of energy in Fig¢a® for the

pharmaceutical areas and Figure 4(b) for clean rooms Busggtificant [6, 15].

Miscellaneous , 1 1'!’6\ Offices, 16%% Mfisc, 4%
/ Lishting, 4%

Dlugs, M

Warehouss, 11% & -~ Tools, 13%
= — A i Comprazzor, 2%

" o
Formulation / Nitrogen Plant, 12%

Finishing . 21%

/

Fanz 309

() (b)

Figure 4. Breakdown of energy usages within the pharmiaaeéséctor (GWh)
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The particular processes employed in a pharmaceutical productioense
vary by product and by plant. The key factors affecting a @aetgy consumption
include facility type (e.g., bulk production), the products producegl eablets), the
plant location, and the efficiency of the plant. However, fFagure 4(b), it is possible
to see that HVAC pumps and fans in Bulk Manufacturing productionhardatgest
consumers of energy. The large demand in energy in HVAC pumps asiihf8ulk
Manufacturing production is principally due to the high requiremeras @hanges per
hour for pharmaceutical clean rooms for control of particle contioim as per
International Clean Room Standards such as ISO 14644-1 "Clasgsifiaait Air
Cleanliness" [19].

This dissertation examines, analyses, implements, arldage® an innovative
software heat transfer model for predicting air-to-air heaier(®y) recovered in
pharmaceutical drying clean rooms in Colombia. Heat recovealysis is calculated
only for the drying operation, as this is the final and morecatitoperation of the
process [18]. Moreover, it is a potential large emissioncsoof heat. The approach
provides a synergy between Reverse Flow Heat Recovery techrasidggetivities for
the consumption of this energy, not solely within the process, uighout the whole

pharmaceutical complex (e.g. warehouse, office, and altermaticesses).

1.3 Objectives

The project objectives are defined as part of an ongoing reareayy review
process to ensure that the project finishes on time, meetief@enined criteria, and
meet the requirements for what it was initiated. The praybgctives are realistic
and measurable so that they can be evaluated at the conclusiopr@ject to see

whether it was achieved or not. The objectives of the praject

- To identify and evaluate heat recovery options in the pharmaakdtiéng operation
in Colombia. In particular the mathematical model that gsroautputs to be derived

or predicted based on inputs.

15



- To investigate techniques for presenting heat recovery optimms the drying

operation.

- To develop and implement a system where the model aspectstol@ge aspects

and visualisation aspects are combined.

- To develop user-friendly virtual simulation application softwayeshow the heat

recovered from the drying operation and the energy savings &nd user.

1.4Summary of other chapters

This dissertation is divided into five chapters.

Chapter 1: Defines the energy management problem to be invedjigtites the
context of the research and postulate the scope of work focesinthe drying
operation, clean rooms, and heating ventilation and air conditigHM&C) systems.

Chapter 2: Identifies and evaluates the trends, main production ggsces
structure, and production characteristics of the Colombian phartiwateimdustry.
Next, a description of the controls available is providedisti aentifies potential heat
recovery options and reviews common air—to-air heat (energy) agctechnologies,
focusing on the Reverse Flow Heat Recovery technology.

Chapter 3: Expands the literature review presented in Chaplieal2o clearly
explains the theoretical framework of the mathematical modsd s the proposed
software.

Chapter 4: Provides a specific and detailed account of theagiarukoftware
implementation.

Chapter 5: Summarised the dissertation with emphasis on thes restadined,

and the suggestions for further work.

16



Chapter 2

State of Art, Literature Review

2.1 Introduction

This chapter outlines the trends, structure, and production chaticteof the
Colombian pharmaceutical industry, focusing on the drying operat&sm cooms, and
heating ventilation and air conditioning (HVAC) systems. Nextleacription of the
controls is provided. It also evaluates and identifies potdmeiat recovery options and
finally reviews common air—to-air heat (energy) recoveshhologies, focusing on the

Reverse Flow Heat Recovery technology.
2.2 Pharmaceutical Industry in Colombia

Today, the Colombian pharmaceutical industry is characterisdxtibg made
up of domestic and multinational companies and associated laboratdriels in total,
make up more than 300 firms. The largest local manufacturer8assié, Genfar,

Lafrancol, La Santé, Procaps, and Tecnoquimicas, which produeecyerpycats.

Figure 5 . Pharmaceutical Plant in Colombia
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2.2.1 Process description

As defined in the U.S. EPA’s Profile of the pharmaceutidanufacturing
Industry [7], there are three overall stages in the production of balkmaicteutical

products. Each of these stages is described in Figure 6.

Four stages:
1. Pre-clinical R&D (determine if the substance is active safe
(6 years)
2. Clinical R&D: human testing (6 years)
3. Review of new drug application (1-2 years)
4. Post marketing surveillance

Types of conversion:
- Chemical Synthesis
- Fermentation
- Extraction

Conversion of substances at a much large scale

Figure 6. Main process steps in the manufacture of bulknaweutical products
(Adaptation from “Profile of the Pharmaceutical Manufacturing 1trgs]”)

The regulations which cover this industry have made production and
commercialisation of many medicines by Colombia possible. Theon@nén
Pharmaceutical industry has been able to develop and supply the ket mctive
molecules of original medicines patented in other countries withouwtrring in
Research and Development (R&D) processes for new medicines.

Bulk pharmaceutical substances are produced via chemical synéxtsstion,

fermentation, or a combination of these processes [6, 7].

18



Chemical synthesis

Figure 7 shows a simplified diagram of the chemical swmshprocess for

pharmaceuticals [7].

Reagent(s)

Separation
P : Purification
Chemical *Extraction Recrvabafisat
S ) *Decanting | Crystalization [B{ 3o Ao g Drying
Reaction(s) } ) : *Centrifugation :
*Centrifugation cr
: ; Filtration
*Filtration

Product(s)

Figure 7. Simplified chemical synthesis diagram

Although all the operations involved in chemical synthesis for thdyation of
bulk pharmaceutical substances in Figure 7, need to be carrigd authemically
controlled area. Heat recovery analysis is calculated onlthéodrying operation, as
this is the final and more critical operation of the process. [M&]reover, it is a

potential large emission source of heat.

Drying Operation

In general, drying means the removal of relatively smalbwarts of water or
other solvent from a material to reduce the content of reslduad to an acceptably
low value. As seen in Figure 7, drying is usually the fing sh a series of operations,
and the product from the dryer is often ready for final pacl3ag [

In most cases, drying is accomplished by vaporizing the sdhanis contained
in the product, and to do this latent heat of vaporization must beietipphere are,
thus, two important process-controlling factors that enter intoutiie operation of

drying: (1) Transfer of heat to provide the necessary ldbeat of vaporization.

19



(2) Movement of solvent or solvent vapour through the product mat&fiat.the dried

product is separated, the moist vapour is exhausted to thepttare.

l

Exhaust
Wapour
_ Wet >
Solid Product
Dry
Solvent Product Solid
{ Solvent

Figure 8 . Drying operation block diagram

Drying processes fall into three categories [30]:

1. Air and contact drying under atmospheric pressure: In air and calriang,
heat is transferred through the product either from heated airter.\va. Rotary
dryers.

2. Vacuum drying. In vacuum drying, advantage is taken of the faat t
evaporation of water occurs more readily at lower pressuaesathhigher ones.
Heat transfer in vacuum drying is generally by conduction, sormas by
radiation.

3. Freeze drying. In freeze drying, the water vapour is sublirnf frozen
material. Suitable temperatures and pressures must be éstdbtighe dryer to

ensure that sublimation occurs.

Several types of dryers are used in pharmaceutical manufadtoee most

widely used for pharmaceutical tablets, are rotary dryers.

20



Rotary Dryer

Rotary dryers are used extensively for drying solids. Theyrdtger consist of
a rotating drum with angle lifting blades which lift the feedtlse drum rotates and
showers it in the stream of hot air flowing through the drum. Botbuceent and
counter-current configurations are used. Figure 9 shows typical ezezurtent

rotary dryer used to dry tablets.

‘-, r Exhaust Air

Wet Product
Bl
i 4
P { [ = ! Drying Air
= : i =.._*: | ':'c‘ﬁ = -\f'—.‘%l
= -
Rotary Dryer Heater
F:_! mqu:
i‘-n‘ﬂ‘
! Dry Product
Exhaust Fan

Figure 9. Counter-current rotary dryer

In pharmaceutical applications it is essential that the d@rgfna given product
takes place under extremely clean conditions, yielding a prodws from
contamination and foreign particle matter [34]. The followingieas explain clean
room conditions and heating ventilation and air conditioning (HVAC)tesys

requirements in detail.
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Pharmaceutical clean rooms

Federal Standard 200E [20], defines a clean room as a room dh \wie
concentration of airborne particles is controlled to specifidsinBritish standard 5295
[21], defines a clean room as a room with control of particleacoin@ation, constructed
and used as a way to minimize the introduction, generation andioatef particles
inside the room and in which the temperature, humidity, airflovepetf air motion and
pressure are controlled.

Pharmaceutical clean rooms are classified according to tlogired
characteristics of the environment. Each manufacturing operateguires an
appropriate environmental cleanliness level in the operaticatal ist order to minimize
the risks of particulate or microbiological contamination of the produanaterials
being handled. The highest level of control will be directed to tlaosas, typically
known as critical zones, in which there is contact with the produattermediate), and
where aseptic manipulation of uncovered containers, closures, pooents is present.
These areas are designed to comply with Class 5 of ISO 14644 QlI&3 5 is
functionally equivalent to traditional US Federal Standard (FS)E2Q%ass 100, and to
EU Grade A). These areas are equipped with total-coverageHtiiciency Particulate
Arresting (HEPA) filtration, and unidirectional airflow isaimtained to the extent it is
technically possible to do so. European and United States geeméssing area zoning
differs: In the United States, the area immediately adjaco the critical zone is
typically Class 7 (FS 209 Class 10,000).

Table 1. Airborne particulate classification for manufactdrsterile preparation [35]

Grade At rest In operation
Maximum number Maximum number
of particles permitted/m? of particles permitted/m?
0.5-5.0pm =5.0um 0.5-5.0um =5.0pm

A 3500 0 3ED0 0
B 3500 0 3E0000 2000
C 350000 2000 300000 20000
B 3E00000 20000 Mot defined Mot defined
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These areas should be designed to reach certain specifiddamiliness levels
in the “at rest” occupancy state. For the manufacture of @weuatical preparations, the
four grades are as follow [18]:

- Grade A: The local zone for high-risk operations, e.g. dryiiigagf and
making aseptic connections. Normally such conditions are provided by a
laminar-airflow workstation. Laminar-airflow systems should piteva
homogeneous air speed of approximately 0.45m/s + 21% at the working
position.

- Grade B: In aseptic preparation and filling, the background @mvient for
the grade A zone.

- Grades C and D: Clean areas for carrying out less crisigajes in the

manufacture of sterile products.

An important part of clean room technology is the pressurizationhef t
controlled area to prevent migration of particulates into thenaesa. In a clean room it
is important to demonstrate that no particulate will enter (pegitir exit (negative) the
controlled area due to construction (wall and/or ceiling utility patiens, mouse holes
and threshold gaps). Differential pressures will indicate thath direction and
magnitude of static pressures is sufficient to control atign of particulate from one

controlled area to another (or even an uncontrolled area).

Clean Room Standards

Table 2 shows international clean room standards and approximate nofmber

particles per M[19].
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Table 2. Air Classification for International Clean Roomm8&xds

Approximate us us EEC France Germany Britain Japan 130
Particles 209E 209E CGMP AFNOR WDI BS 5295 JISB EN 14644-1
per m* 1992 Imperial 1989 1989 2083 1989 9520 1999
=0.5 mm equivalent 1989 1989
1
35 0 2 2
10| M1
35 | M15 1 1 3 3
100 | M2
3E3 | M25 10 2 4 4
1000 | M3
3530 | M35 100 A+B 4 000 3 EorF 5 5
10000 | M4
35300 | M4.5 1000 4 GorH 6 6
100000 | M5
353000 | M55 10 000 c 400 000 5 J 7 7
1000000 | M6
3530000 | MBS 100 000 D 4 000 000 6 K & 8
10000000 | M7
100000000 | MT75 1000 000 40000 000 L 9 9

The simulation software is based on ISO Clean room Standi@s.- the

International Organization for Standardization is an internatistaaidard setting body

used in Colombia. The ISO Standards cover a wide variety ofitamging from

medical equipment to shipbuilding:

. 1S0-14644-1 Classification of Air Cleanliness

+ 1S0O-14644-2 Clean room Testing for Compliance

+ 1S0-14644-3 Methods for Evaluating & Measuring Clean rooms & Astat

Controlled Environment

+ 1S0O-14644-4 Clean room Design & Construction
+ 1S0O-14644-5 Clean room Operations

« 1S0-14644-6 Terms, Definitions & Units
+ 1S0O-14644-7 Enhanced Clean Devices
+ 1S0O-14644-8 Molecular Contamination

+ 1S0O-14698-1 Bio contamination: Control General Principles

+ 1S0O-14698-2 Bio contamination: Evaluation & Interpretation ofaDat

+ 1S0O-14698-3 Bio contamination: Methodology for Measuring Efficienicy

Cleaning Inert Surfaces
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Figure 10 shows the arrangement and distribution of equipment ifng digan
room class 10,000 Non-unidirectional (turbulent flow) and class 100 ediidinal

(laminar flow) [17].

M al=ap R e-cirultion & i HandEer
A ir Hander %

Outside Afr  —— E @ e

T o P 4 R,

nmLme HEPA _'-TI'EI.IE': |

R

CLASE 10000 CLASS 100
HEPA ffern 100% HEPA
boated 1 duct C eiling

1 . '_P'.
FEehmrm i ir RewmAx

CLASS10000 <> CLASS100
Figure 10. Clean room drying operation - HVAC System [17]

The drying clean room, class 100, has unidirectional (lanfloa) because
airflow is an important aspect of particle control for thisrapien. In unidirectional
airflow pattern the entire body of air within a confined areaveés with uniform
velocity and in single direction with generally parallel stnealn class 10,000, less
critical operations are carried out, therefore non directiaréibw (turbulent flow),
which has a varying velocity, multiple pass circulation or nomdfrflow direction

can be use.
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Heating, Ventilation, and Air Conditioning (HVAC) System

The purpose of the HVAC system is to add or remove heat and mpasusell
as to remove undesirable air contaminants in order to maititeirdesired indoor
environment. The components of HVAC systems generally incluseis, supply and
exhaust fans, filters, humidifiers, dehumidifiers, heating andirgpaloils, ducts, and
various sensors [10]. The HVAC system must have a source ¢ftaalemove the heat
and a source of heat to reduce humidity. Moreover, a distributiororiefs used to
deliver the air to the points of use and control the air change Irathe Colombian
pharmaceutical industry, HVAC components are closely supervisethtignal and
international regulation bodies like INVIMA [11] and FDA [5]. Big 11 shows the

main equipment of the HVAC system.

Air

Cooling
Tower

Condense
Pump

Chiller
Expansion
valve

Air
Vent Clean room
Chiller
Water Pump

Supply Air
Fan

Exhaust Air
Fan

Figure 11. HVAC Main Equipment

The cooling tower is connected to the chillers which are corshéctéhe air-
handling unit. The cooling tower is an evaporative cooler thasfiees the heat from
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the water to the outside air through the process of evaporattbe aster is sprayed or
falls through the air.

The chiller generates cold water which is supplied to ardeesenvAHU'’s are
used to provide cooling. Figure 12 shows a schematic diagram ofgical cooling

process in a water chiller.

20:C Condenser Water 5°C
Condenser
L
Expansion Valve Compressor
High Pressure Side i
@; Low Pressure Side

Evaporator

+ Chilled Water

6°C 12°C

Figure 12. Water Chiller Cooling Process

The condenser is a component where the refrigerant rejeets thethe
condenser, causing refrigerant’s phase change from gas to licuedcandenser is
supplied by a closed loop that goes to a cooling tower. High prelgguice refrigerant
passes through the expansion valve, reducing pressure and flashingsteviahgn the
evaporator, in doing this the refrigerant medium is absorbing eriengythe chilled
water as it changes from liquid/gas mix to gas. The chillatemwproduced by the
evaporator is circulated in another secondary closed loop to pdhis fafcility where it
is used to provide air conditioning. The secondary closed loop cafsiee AHU
which is used to handled a large quantity of cooled air and distittiaterarious parts
of the facility.
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The compressor takes the low-pressure vaporized refrigeramgaont of the
evaporator, compresses it to a higher pressure, and dischaigts tlhe condenser.
There are three types of compressor for chillers: scroll cesspr, screw compressor
and centrifugal compressor.

The air-handling unit (AHU) contains a set of supply and exhaustwhith
take air in and out of spaces or zones within the clean room. Seastractuators
inside zones serve to provide feedback to the AHU which worksidmtain the
temperature and air circulation.

The duct work is called a terminal reheat system where ougsidenters
through dampers, and then mixes with return air. The air is dnean though the
cooling coil by a supply fan. The overcooled air, which hasnassture, is transported
along the ductwork. A heat unit then reheat the air to desiregetatare, when its
relative humidity also drops to the desired level as temyreraicreases. The air is then
supplied as required. If high change rates are required, tmeoolkeheat method is

used to remove moisture and control temperature with continuous ity

HVAC System Components Identification

Filters. All air entering a clean room is treated by one or morerdilteligh-
Efficiency Particulate Air (HEPA) and Ultra-Low Penetoat Air (ULPA) filters are the
most common filters used in clean room applications.

HEPA is an acronym for "high efficiency particulate aifhe HEPA filters
work on diffusion principle to remove particulate matter and aresely important
for maintaining contamination control. There are different categaf HEPA filters.
True or absolute HEPA filters must pass a test to be condid#E®A worthy. True
HEPA filters will have a serial number assigned to thethefy are able to trap at least
99.97 percent of particles of 0.3 microns. HEPA often capture onlg 88 percent of
particles and that percent can fall even lower for partidi@snicron and below. HEPA
type filters are less expensive than true or absolute HHEELS.

Terminal Filters. These filters are available in two types of constructi@us

type and Flanged type.
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Duct system design and construction: Stainless Steel (SS304) ducting is
provided to supply air to the clean room and to bring back air fromethen air grilles
to the return air fan.

Monitoring devices. Special monitoring devices known as Magnahelic or
Photohelic gauges measure the pressure differentials acdogshaagm and depict the
value in terms of inches of water or some other conveniatg.sthese instruments are
very accurate and sensitive to very small changes inyeeshfferential. They are
connected directly to an alarm system that will causewabignal (flashing light) to
report a deviation outside a prescribed range of pressureeditits.

Isolators: Barrier isolators minimize the extent of personnel contact.

2.2.2. Company Background (Case Sudy)

ABC! Colombia, with its subsidiaries is a flexible and multi-product mamy
involved in the production and distribution of generic bulk active phamtiaaé
ingredients (API's), baby care products, personal care prododtar@mal/veterinary
health products. ABC Colombia started operations in 1934 and is baseay@idB
Colombia. Figure 13 shows the aerial view of the plant inoBng

Active Pharmaceutical Ingredients (API's) are produced ineatnygienic zones
where direct material handling like chemical reactions, séparacrystallisation,
purification and drying are carried out. Bulk active ingredientseatily being produced

by chemical synthesis in ABC Colombia include tablets su&spsin [6].

! The company name has been changed to protect eatiétity.
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Figure 13. ABC Bogota’s Company Site Aerial View [6]

According to ABC Colombia (case study, and based on their experitece
drying operation is done in Class 100 with Class 100,000 background. Bahiet 4
summarize some of the requirements and typical design aritesed for Active
Pharmaceutical Ingredient (API) production in ABC Colombia [1&hich are
according to the requirements specified in Proceedings Instifutendronmental
Sciences and Technology (IEST-RP-CC012) [17].

Table 3. Clean room requirements for API production

Clean Room . Air
Clean Room Dimension Airflow changes/hr
Class
(m, I.w.h) Type
100 6 Xx6x3 Unidirectional (Laminar flow) 24@80
1,000 6 x6x3 Non-unidirectional (Turbulent flow), 150 — 240
10,000 6 x6x3 Non-unidirectional (Turbulent flow) 60 - 90
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Table 4. Typical Design Criteria for API production

Parameter Design Criteria / Range Observation
Temperature 21°C +/- 1.1°C (Range: 18C - 24°C)
Relative 50% +/-5% (Range: 50 — 60%) Rooms for compressispensing and
Humidity (RH) blending. In some areas where moisture

sensitivity products are processed, even lowel
relative humidity of 27% +/-5% is needed

Room Normally, the minimum design differential | It is maintained at a negative pressure to the
Pressurization | pressure between rooms and the adjacent | adjacent access corridor in order to reduce crgss
production corridor shall be maintained at | contamination.
12.5 Pa with all doors closed.

Ventilation A minimum of 10% fresh air shall be Rooms with high moisture levels or potential
provided in manufacturing areas. odour issues shall be 100% exhausted to avoid
humidity and odour.

Hence, according to the Institute of Environmental SciencesTaotbnology
[17], a Class 100 room with dimensions of 6 m x 6 m x 3 m high neeais #ow rate
of at least (0.203 x 6 x 6) = 7.3%m and at most 148’s. A class 100,000 room of the
same dimensions would need an air flow rate of (5 x 6 x 6 x 3) / 36005 ni/s as a

minimum or 1.44 s as a maximum.

2.3 HVAC controls

Feedback control is usually used in the HVAC system. An HVACrabnt
system in a clean room transforms the operating instructiordefared environmental
conditions into the air temperatures and ventilation volumes deisirie working
environment. The control system has the task of regulating teCHystem.

Currently ABC Colombia uses a Building Management SysteliSBsystem
using a controller Distech ECP-300 mounted on the make-up air unit (MAEgNnds
and receives the signals coming from a remote central cquar@l to monitor and

control different set points.

The existing input and outputs (I/O) from the Distech ECP-300 ctettaie:
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Table 5. ABC’s Make-up Air Unit I/O

Signal Description I/O Type
MAU Start/Stop Command (0]
MAU Dampers Close/Status |
MAU On/Off Status [
MAU Supply Air Temp.Alarm |
MAU Heating Burner On/Off Status [
MAU Filter Differential Pressure Alarn I
Fire Alarm Status |
Gas Alarm Status I
Outdoor Air Temperature Alarm |
Exhaust Fan Start/Stop Command 0]
Exhaust Fan Run Status |

As showed on table 5, several actuators and control system congpoagrite
controlled by the BMS [22]. Appendix 1 provides a control block diagramhef t
existing HVAC system at ABC Colombia, and Appendix 2 giveshriaal
specifications for the controller Distech ECP-300 installedemtlake-up air units [16].
The existing BMS in the case study can be used to control dersgeFlow Heat

Recovery Unit, as well.

2.4 Heat (Energy) Recovery

A primary goal of sustainable energy design is to “make tia# economically
available differences in temperature from environmental comditiand facility
processes before discarding them to the environment” [36]. Predigasssions have
alluded to many sources of renewable or recoverable energgnidahemselves to this
application [32].

An essential part of any drying operation is providing ample tiéwhe drying
medium (usually warm air) to accomplish mass transfet,ishdo carry away the air

that becomes saturated with moisture.
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2.4.1 Energy Audit

In order to find and evaluate heat recovery options and demands,rgy aneit
was carried out in the project. A heat (energy) audit is@ysaf how energy is used in a
facility. Energy audit is in line with the six-sigma manageinstrategy [13, 14] that
many companies have adopted today.

In the project the procedure of the energy audit can involve $estaradard
steps, such as warehouse the data for a period of time.nida¢ais used textract
patterns from datand tounderstand where, when and how energy is being arsgédhow heat
wastes from the process are managed. This infasmasi usedo find relationships in the
data.The patterns, associations, or relationships anadirtpese datare the basis on which
the mathematical models are formed aonverted into knowledge about historical patterns
and future trends.

In the area of energy data mining is being usddhtw how a system operates. It is the

first and most important step to analyse operatioosis and their impact. Data mining consists

of five major elements:

(1) Extract, transform, and load transaction dat#® the data warehouse system.
(2) Store and manage the data in a multidimensidat@base system.

(3) Provide data access to analysis.

(4) Analyze the data by application software.

(5) Present the data in a useful format, suchgagh or table.

In the project the following mayor types of retstships in the data are:

» Classes: Is an input of the model so it must be defined lmsadcriterion that
leads to an adequate selection. The number of classes repriseifferent
patterns existing among the sample in study.

» Clusters: It is a common technique for statistical datdysisabased in a set of
observations into subsets.

* Associations: It is a subject-based data mining use to dekermhat other

information is related to that initiating datum
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* Sequential patterns: From a given set of sequences, findothplete set of
frequent sub sequences

This, type and cost was identified, heat recovery options werdifidd and
analyzed and lastly, economical analysis was performed usimpgdpesed software. In
the data cleaning phase wrong information has been correctedoullers and
outages were detected using interactive graphics techniques dragbe data, which

permits replacement by most probable values.

Case Study Energy Overview

Currently ABC Colombia, case study, purchases electricity ahdal gas from
external suppliers and uses these energy resources totgeaefarms of utilities to

support the manufacturing process and offices.

Electricity

Electricity is purchased from the electricity transmissitericonexion Eléctrica
S.A. E.S.P. (ISA) in Bogota and is measured in kilowatt-hour (ke substations in
the plant distribute electricity to the process where it bellused. In the central utility
building, electricity is used by cooling towers and chillers¢oagate chilled water for
the plant’s HVAC system, and by boilers.

Natural Gas

Natural gas is purchased from Ecogas in cubic metefsvghich then can be
converted to kWh of equivalent value. Natural gas is usedilars.

Current industrial rates for electricity and natural gaSotombia are:

Table 6. Commodities - Industrial Rates

Electricity Natural gas
(kWh) (m3) | (MMBh)
COL $ 350 810 22,940

USD$| 0.1898 | 0.439] 12.44
EURS$| 0.1453 | 0.3364 9.53
** MMBh = 1x10° btu/h= 1000 ff/h HHV
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2.4.2 Heat Recovery Options

Heat recovery units are being developed and implemented in a waiigdyvof
suitable applications, from commercial buildings to chemical imdsgstike food
processing applications where high hygienic requirements areedquid where waste
heat is produced within the process. As defined in section 2t Irying operation,
focus of the present project, is done by evaporating solvents @i ® give the final
product (or intermediate). Therefore an air-to-air heat regayestem, like the Reverse
Flow Heat Recovery system, can draw the humid air exitingitheess through a vent
system equipped with a heat exchanger technology.

Common heat recovery systems include heat recovery whealspipes, and
run-around loops. Appendix 3 compares industrial energy-recovery techisologie
available, including the new Reverse Flow Heat Recovery technaleggloped by
BMK ™.

2.5 Previous Work

This section explains previous research works that havedesefoped for
Reverse Flow Heat Recovery, thermal drying and decision sugyseims in energy
systems. Both areas have been examined either indhauite across several research

and commercial domains [9, 4, 23, 24].

2.5.1 Reverse Flow Heat Recovery
The heat recovery unit proposed by BMK[9] for reverse flow heat recovery

consist basically of two heat exchangers and two-position danfagraliow capturing

waste heat. Figure 14 shows the major components of ttearsys
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Figure 14. Major components - Reverse Flow Recovery System

As heat is exhausted from the process, the two-position dampes diredlow
of air through one of the two banks of aluminium plates whose suaf@eehas been
maximised to capture energy from the exhausted air strearhe/Aame time, outdoor
air is being drawn through the opposite heat exchanger bank returnipgetheusly
stored energy to the space. As the damper changes positionglldjwsfcle, standard
is 70 seconds), the entire system now works in reverse flaudoOr air is drawn
through the newly energized cassette bank where the capturegly esereleased,

returning it to the incoming air stream. Figure 15 shows a safiemiagram of the

system.
PLAN VIEW OF Z CONFIGURATION OPTION SHOWN
Damper changes every 70 seconds in approximately 2 seconds.
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1‘ b g in this bank
dlt i
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Fresh outside air to HVAC unit Fresh air to HVAC unit

Figure 15. Reverse Flow Heat Recovery schematic diagram
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Reverse Flow Recovery Controls

The energy recovery system of the Reverse Flow Heat Rgcané can be
adjusted by changing the phase on the two position damper to contehthet of
unwanted moisture retention or recapture exhausted latent maistuo®ld weather.

Figure 16. Reverse Flow Heat Recovery Damper

The damper is controller by a Fuji easy logic controller GeLThe ELC
incorporates a weekly time-setting function that allows configusieveral control logic
sequences based on time. The ELC is programmed using soiitmatadder diagram
format that is developed from a traditional relay schendiigram or directly on the
front panel. Appendix 2 gives technical specifications for thg €antroller [16].
Figure 17 shows the two position damper's Controller and Figure 18 stimvs

adjustable energy recovery system for the Reverse FlawvRecovery system.
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Figure 17. Reverse Flow Heat Recovery (Two position damm@ohtroller)
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Figure 18. Damper dwell time in seconds

The dwell time relates to the duration in time of the dampeesation. The long
period of the damper operation allows the Heat Recovery unitvevses the air flow
through the cassettes periodically to take advantage of thelesating properties of the

reverse flow arrangement.
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2.5.2 Mathematical models

Various models and software programs have been developed for tlieymagl
[25, 26, 27] and for overview of decision support systems [422B,However, few
commercial software packages related to drying have been dedetopcessfully or
are well accepted for pharmaceutical clean rooms applicaticasi$e they can be very
expensive in the design, analysis, trouble-shooting, as well as

control and optimization of drying systems.

Drying Operation

A search identified only three commercial software packagesifgally
intended for drying design [28, 29, 8Fmprosys is a Windows-based process
simulator. It can be used for flow-sheet design and simulatidnyofg. It is developed
using C++.dryPAK is a DOS based dryer design software package for dryer design
calculations including heat and mass balance and drying kiraticslations. dryPAK
was developed on the DOS platform and has not been upgraded to \&iyetdirySel
is an expert system marketed by Aspen Technology for dryer iseledt is a
proprietary software package. Both graphical and numerical digpfarovided. These
software packages are very useful; however they are notlalfflerfor most users since

the licensing fees are very expensive.

Table 7. Drying operation software packages overview

Software Packages for Drying Operation
Characteristics -
Calculation type
Cost Input type
Simprosys Free trial version Manual Mass balaadeulation
dryPAK Expensive licensing fees|  Manual Heat_anq mass baland
drying kinetics
Expensive licensing fees| Manual Solids propegies drying
DrySel kinetics
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Energy Analysis

Various models have been developed for overview of decision supp@rnsys
Examples include RETScreen [4] and HOMER [ZRETScreen is standardized and
integrated renewable energy project analysis software #mabe used to evaluate the
energy production. HOMER is model that can be modelled by usingbasig inputs
(annual averages and cost per kW). RETScreen and HOMER &nlg e@nomical for
one type of energy.

HOMER is a computer model that assists the design of microrpayséems.
HOMER models a power system’s physical behaviour and itgyidée cost, which is
the total cost of installing and operating the system ovéifatspan[37]. HOMER also
assists in understanding and quantifying the effects of unagrtar changes in the
inputs. The input windows of HOMER have been designed to minimeeeffiort
required to enter data that describes loads, components peréesmand costs.
HOMER provides default values for many inputs so that the dsatgm be quickly
started.

RETScreen [4] can be used to evaluate the energy product®mytife costs
and greenhouse gas emissions reduction for various renewable ez@ngpldgies.
RETScreen is dedicated to the preparation of pre-feagilsiiitdies. It includes eight
technology modules (not linked): wind energy, small hydro, photovolsaiar air
heating, biomass heating, solar water heating, passiveh&ating, and ground source
heat pump project analysis. RETScreen has been developed osdfidexcel. Each of
the eight technology modules includes the following five workshestergy model,
equipment data, cost analysis, greenhouse gas emissions anahgidinancial

summary. Table 8 provides a comparative overview of REEEAcand HOMER.
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Table 8. RETScreen and HOMER modelling characteristics

Characteristics

RETScreen

HOMER

Inputs

- - - - - 7 - — 7
Site conditions Project location, latitude of project location, Site conditions
and annual average temperature.
Module type, nominal efficiency, capacity, v Primary, deferrable and thermal load v
Loads . .
battery data (if battery exits), load data.
Wind energy, hydro, generator, grid, battery). v Wind turbine, hydro, generator, grid, battery v
Components - - - - -
Diesel, cogeneration, air / water / solar heating. v No included X
Initial project cost (feasibility study, v Annual real interest rate, project life time, systixed capital cost, v
development, engineering, equipment, systgm system fixed operation and maintenance (O&M) cost.
Economics installation), annual savings / income, and
parameters for the economic evaluation of the
project (energy cost rate, project life).
. It cannot evaluate systems with more than ohe v Do not support multiple criteria analysis. v
Constrains
renewable technology.
L Not specified. X It contains the values of each optimization vaeabht are used to build v
Optimization . ) h
the set of all possible system configurations.
Outputs
Project cost and savings: total initial cost, v Total net present cost. Also cost breakdown (initigpital, annualized v
Cost incentives/grants, periodic cost and credits, capital, annualized replacement, annual operatidmaaintenance,
total annual cost, total annual savings. annual fuel, total annualized cost) for each corepbof the system.
Annual energy balance: renewable energy v Total annual output of ach electrical energy praaigicomponent, total v
Electrical delivered net green house gas emission amount of energy that went to serve each of thiesys electrical loads
reduction. (plus any storage).
Features
The energy model uses a user specified power v Simulates the operation of a system by making gnieatance v
curve to calculate the energy curve of a calculations for each of the 8760 hours in a yaurly energy flows for
Simulation turbine. Energy production id then adjusted for each component as well as annual cost and perfe@esammaries can
pressure and temperature effects, as well fo be viewed.
various user specified losses.
Obtimization Not specified. X Simulates each system configuration and display®fisystems sorted v
P by Net Present Cost (NPC)
Sensitivity Not specified. X Performs and optimization for each sensitivity able v
analysis
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2.6 Summary

This chapter gave a description of the main production procéssesypical
pharmaceutical process focusing on the drying operation, clean ,r@misheating
ventilation and air conditioning (HVAC) systems based on a sagdy. It identified
that the drying operation, is realised by evaporating solveots folids to give the
final product (or intermediate).

It described that an air-to-air heat recovery system,tlikeReverse Flow Heat
Recovery system, can draw the humid air exiting the process th@wgnt system
equipped with a heat exchanger technology. It also describeé&MBecontrol system,
and identified its potential link to control the Reverse Hidear recovery unit.

This chapter then showed the structure, trends and production ehatemst of
the Colombian pharmaceutical industry and tied it into the gepasaesses discussed
earlier in the chapter. It showed that the drying a final produt¢hé most energy

consuming aspect of the whole pharmaceutical industry.
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Chapter 3

Design

3.1 Introduction

This chapter expands the literature review presented in &h@po. It shows
the proposed heat recovery software for pharmaceutical dry@ag cboms including
the theoretical framework of the mathematical model used isdtieare. A case study
of a drying operation at a pharmaceutical company in Colombiae s aid in a

critical review of the tool from a pragmatic real-worldgective.

3.2 Proposed System

The design of heat recovery systems has been under investiffatiorany
years [9, 4, 23, and 24]. The proposed system consists of alaman-Model-
Interface (HMI) that permits outputs to be derived based on inmrtgrédicting
the amount of air-to-air heat (energy) that can be recovergeharmaceutical
drying clean rooms in Colombia. The drying cycle was idexttifh chapter two as a
critical operation where large emissions of heat are proddded waste heat can
be recovered using several heat recovery systems such Bevbese Flow Heat
Recovery Technology, which is proposed in the present dissertatidrawo the
humid air exiting the process through a vent system equipped witht axehanger
technology. Figure 19 shows a schematic diagram of the propodedhsiys a
typical pharmaceutical counter-current rotary dryer for dryingisaompleted with

a reverse flow heat recovery unit.
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HEAT RECOVERY UNIT

v

MAKE-UP AIR UNIT

g

GLEAN ROOM

* E = Exhaust Air, RA = Recovered Air, OA = Outsid\ir, S = Supply Tempered Air.

Figure 19. Schematic diagram of a counter-current rotasr dvith heat recovery

As defined in chapter two, bulk active ingredients currentipdp@roduced by
chemical synthesis in ABC Colombia (case study), include talsletd as acetyl
salicylic acid (Aspirin) [6]. In the final operation of theoduction of acetyl salicylic
acid (Aspirin), the drying operation, the output from the purifazatoperation goes
through a counter current rotary dryer where the temperature rsaged until the
excess water is removed as water vapour. From the 2009 Biigsim&copoeia, [33],
the final concentration of acetylsalicylic acid must b&s9®with 0.5% water.

As a case study 1,058,196 kg/year of wet product is fed to they mrger,
containing 24.80 % wet product moisture content, to give acetyysalacid (Aspirin)
containing 99.5% with 0.5% water. The drying medium consistg beated at 385 °K.

The air leaves the drying operation at 310°K.
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The Reverse Flow Recovery unit is used to draw the humid dingexhe
process through a vent system equipped with a heat exchanger teghAslogted in
the Chapter Two, the Reverse Flow Recovery unit can batedlsecontrolled by the
BMS for ON/OFF operation to indicate whether heat recoveretiabled or not. The
process parameters of the production of acetyl salicylid @cspirin) and air in this
study, including the heat and mass balance calculations for theydsperation, are
defined by manual inputs as listed below in Table 9. Figure 20 shavalithdated mass

balance of the Counter-current rotary dryer.

Table 9. Acetyl salicylic acid (Aspirin) process paramsete

Product: Acetylsalicylic Acid (Aspirin)
Pharmacopeia:99.5% with 0.5% water
Units Value
Inlet
Wet Product kg/Year 1,058,195.9
Wet Product Moisture Content % 24.8
Dryer type Counter Current Rotary
Dryer Capacity kg/s wet stock mgx 0.03
Wet Product Input Temperature °K 373.5
Air Supplied kg "ll’gtg:y":ﬁ’o“” 0.03
Entering Air Temperature °K 385
Reference Datum Temperature °K 273
Oultlet

Dry Product kg/Year 800,000 (*)
Dry Product Moisture Content % 0.5
Dry Product Output Temperature °K 3,085
Leaving Air Temperature °K 310
Radiation losses kJ/kg dry air usdd 20 (**)

* Containing 5% moisture
** Assumed radiation losses amount in kJ per kgrgfair used.

Dry
Product

= Water, - Dry product,, = 258433 kg

Wet
Product = [%f product, - Water,, = 795763 kg
Wet productmoisturecontent, .,

Water = Wt product, x[ 0 ]= 262 433 kg [Dry product,, x0.995)= 798000 kg Product

(Dry product,,  — Soliddrp product,, J) = 4,000 kg Water

Figure 20. Counter-current rotary dryer block diagram
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1. Heat In

{a) air

Heat content of stream [|cl_, il e i G G || T, i )

= 113,35 G kW

{b) Wet solid

Mass flow rate of water CDper (o n oy X Wet Product  gren coumar )

= 0,007 kgfs
Mass flow rate of dry solid = CDhper ... © Mass flowryate,,. )
= 0,023 kogfs
Heat content of stream = [[Mas.s Aow rate o, %418 I+ lMfass  flow rafe R 1]]:'_?“_,_,___(:,_.__ sty TR |
= 5,10 kW ' ' ) '

2. Heat Out
(&) Air
Heat in exit air = |_[C,--c::.-. ..-.-.-jG + CA g JG T Ey s i ;.)JJ T (T i gy =% i

37,45 G kw
Water in the dried solids out = [ (o gt o ) X DSy flow vate WL+ i el i II'J

0,001 kgfs
Water evaporated into gas steam= o i i ) — DPOIE b e vt 19

u u4b '
Assuming evaporation takes place at 373 K, then:
Heat in the water vapour = Weter evaporated . ey X |_C'H“;"_\ e 5 X I:I'\.)_v,i T C |+ Latent  hoat {Ra 4.18 x (T, Ry Laianicr) J

124,70 kW
{b) Dried solids
Heat content of stream = LMass AW ¥t iy T € mren 1+ R i o e A LE T pesioer ) = Tinsn ]J
Kw | ) )

{c) Radiation Losses 20,00 G k
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3. Heat Balance (In=0ut)

Mass Flow rate (G) is:

Heat content .. .. .o+ feat content o o, = o0t 10 water Yapour ..o+ Heal 0 et air o b Heat contest of stream o sy + LOSE
O Heaf content . — Heafextii qir . — Loss)= Heaf water vapouy,, . . +Hecfconfent of stream . — Heaf confent .. .o
55,90 & = 119,64
Mass flowrate of dry air supplied to the dryer G = 2,14 Kqfs
4. Heat Recovery
Air Density = 1,20 Kgim3
Leaving Air Temperature = 310 deqgC

_ _ Available Airflow for Heat Recovery = IMass flow rafe of drey air x 3600 f Alr density= 6.420 m3/h  |3.779 ofm

Leaving Air Terperature for Heat Recovery, dB = Leavingairtemperatue degk — 373= 37 deqC 98,6 degF
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As seen before the total mass flow rate of dry air supptiiehe dryer is calculated
in 2.14 kg/s, therefore the available airflow for heat repovend leaving air
temperature for heat recovery is calculated in 6.4%8 emd 37°C respectively.

The above information is the basis to carry out the heat ngcomé analysis, heat
recovery unit performance, and payback analysis. The heat rggystem is analysed
for summer and winter conditions.

For simplicity of the analysis, the proposed simulation safws initially designed
and simulated only for the acetyl salicylic acid (Aspirinjinlg operation; however this
is not a limitation of the software, as it can be used fogrotfet product compositions

and be modified for different requirements.
3.2.1 Heat Recovery Smulation

The proposed system is a novel integrated modelling tool, thdiicesnmodel
aspects, data storage aspects, and visualisation aspsotg,off the shelf software
application such as MS Excel combined with MS Visual programnongatculate
psychometric points, mass, and enthalpy balances for analysingperation of heat
recovery systems.

The new Human-Model-Interface (HMI) is divided in six componenisciv
communicate with each other using MS Excel built-in MS Visual rarogning code.

Detail account of each module is given in Chapter Four:

(1) Main (Index) Component

(2) Dryer Heat Recovery (HR) Component

(3) Reverse Flow Heat Recovery (HR) Component Performance

(4) Reverse Flow Heat Recovery (HR) Component Analysis

(5) Psychometric Chart with stated points, i.e. HR Supply, Qetsiir, Mixed
Air, and Indoor Set Point.

(6) Payback Analysis

The software program calculates the amount of waste fleatthe counter-

current rotary dryer based on variable psychometric inputs akeidtg/wet bulb air
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temperatures, exhaust dry/wet bulb air temperatures, huncioiitient, airflows, clean
room specifications (ISO class, dimensions, etc).

Climate Design Information for Bogota Colombia is used to cafeulocal
temperatures and humidity ratios. Sensible/latent Heat Ardlydased on ASHRAE
Fundamentals Handbook [12]. The inlet conditions and the performaroesfa€ the
Reverse Flow Heat Recovery system have to be known. Matlel models are based
on thermodynamic equations. Table 10 shows the general formulae usaiduiate
sensible heat, latent heat, and total heat. Figure 20 shgerseeal flow diagram for the

proposed software application.

Table 10. General formulae for Sensible and Latent Heat

Heading Description SI UNITS (Metric)

Sensible Heat| Heat that cause a change in temperature. Q = n#¥/h.(Cp. P ). At

Where,

Heat, Q (kJ)

Density, P air (~ 1.2 kg/m)
Specific Heat Capacity, Cp air (~ 1.005 kJ7Kg.
At = (Tp-Ty) (°C)

Latent Heat | Heat that causes change of state (e.g. liquid t0 ~ _ P )
vapour, or solid to liquid) with no change in Q = [mi/h.(Hw. 7).(h-ho)]

temperature. Where,

Hw = Water Latent Heat ( ~ 2465.56 kJ/kg)
hy,-h; = humidity ratio difference (kgw/kga)

Total Heat The sum of the sensible and latent heat in a
substance or fluid above a base point. = Sensible + Latent
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Psychometric chart

The proposed heat recovery software for pharmaceutical drying rdears in
Colombia includes two types of psychometric charts: (1) Paperggychometric chart
and (2) Automatic generated psychometric chart on the computer ubang
mathematical model. The psychometric chart graphically repteshe thermodynamic
properties of the moist air. The choice of coordinates is ampitighe heat transfer
mathematical model includes a chart with coordinates of Drig BldgC) and Humidity
Ratio (gr/kg) and gives a convenient and useful graphical usefao¢ showing several
psychometric set points such as HR Supply, Outside Air, Mixedafd, Room Indoor
Set Point with a minimum of thermodynamics approximations. Thepaten based
psychometric chart also allows saving the file in any of thensomformats (xIs, bmp,

ipg, gif or pdf) so that it can be easily e-mailed or usa@éports.

Figure 21 shows a typical paper type psychometric chart. Dbyteaiperatures
are show on the charts vertical lines. The horizontal lirgsesent Dew Point
temperatures. Lines representing Wet bulb temperaturdbeastraight diagonal lines
sloping downward from left to right. The curve forming the top edgéhe chart is
called the “saturation curve”. Air in a condition that fallsay point along this curve
is totally saturated with moisture. Any additional, moisture addedd not be absorbed
and would and would remain in a liquid state as condensation. Theisgyeepved
lines that follow the saturation curve are relative humidityed expressed as
percentages. These lines represent the degree of voluplacdidy moisture with
respect to the total air volume [12].

Figure 22 shows the automatic generated psychometric chalne acomputer

using the mathematical model.
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Figure 21. Paper type psychometric Chart [12]
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Figure 22. Automatic generated psychometric chart on the commitgy the mathematical model
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Figure 23 shows a general flow diagram for the proposed seftyplication.

Start (Index)

*

Input: Clean room ISO Class, room dimensions, project
information, outside air dry/wet bulb temperaturieter/summer,
indoorair dry/wet bulb temperatul set points, location, and altitu

:

Commodity Prices
(Nat.Gas, Electricity

y
Dryer Heat Recovery Analysis

Inputs:(Wet/Dry Product, Moisture Contents, Input{@ut Temps.)
Outputs: (Airflow for Heat Recovery, Leaving Air mg.)

HR Performance/Analysis
Additional Inputs= (Reverse Flow Technology Perfanoe Factors)
Outputs= (Summer/Winter Air Return Temps. & Heat&ered)
L Z

Psychometric Chart with calculated points
(OA temp., HR Supply, Mixed Air, Indoor Set poi

Economical
analysis

Natural gas I Electricity I

Reverse Flow Heat

Payback of investment: Capital cost comparison r&p®y savings (+ graph)

x

Results (Data Sheet)

Figure 23. Software Flow Diagram
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Modelling Components

The mathematical model is a description of the behaviour of dverBe flow
Heat Recovery system for pharmaceutical drying clean rooms reeavery in

Colombia. It is made up of three components [12]:

(1) Input variables, which act on the system. The proposed software includes
controllable variable from mathematical formulae (e.g. humiditio) and

uncontrollable variables (e.g. climate conditions).

(2) System structure and parameters which provide the necessary physical
description of the system (e.g. physical properties of theegitsh

(3) Output variables, which describe the reaction of the system to the input

variables (e.g. Reverse Flow Heat Recovery savings).

As one of the objectives of the project is to predict the outptibbles with
known structure and know parameters when subject to specified infaibles, the
forward (classical) model approach is used. This approach presetaded knowledge
not only of the various natural phenomena affecting the system behbuiciso of the

magnitude of various interactions [12] (e.g. specific heatats, etc.).

Specific heat capacities

Specific heat capacities, Cp, are estimated using Kopp& afileach of the
element’s involved in the drying operation. Kopp’s rule is a singiirical
method for estimating the heat capacity of a liquid at room eemtyre [38].
According to this rule, a compounds’ Cp is equal to the sum of deofeet’s
contribution in the compound. Kopp’s rule is a rough estimation of hiet
capacity, however for the purpose of this project the caloaktwill be sufficient
as the margin of error is less than +/- 5 % [38].
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Climate Design Information

Energy calculations are base on average use and typical weatiditions

rather than on maximum use and worst case weather. Due to theiprafi@olombia

with the equator there are no major seasonal variations. FRigusaows the ASHRAE

climate design conditions for Bogota, Colombia [12].

Complete data climate design conditions for Bogot4 are provided for

convenience in Appendix 5 [12].

)ﬁf bl

Colombia | G
All Regions v | Lecation | [£595] North Latitude
| Bogota _ﬂ| 4.1 3| West Longitude

T T ety ntmn e e A

| Cooling | ‘Wind | Heating = "Default i " Englizh [IP] * Metic [S1]

x
2548\ Elevation, meters Cloze
Help

Cooling [33 HE';.:-;B | ".:.r'[l:i HF[[:)B [Z:E H[i[[):B
0.4% [21.1 133 46.22||[15.3 |[i89 53.06| [14.1 |[17.5 52.53
12 [20.2 135 a6.89] [14.9 186 51.66] | [13.8 |[17.0 51.33
2% (200135 4690 [146 [18.2 50.63||[13.1 |[16.5 49.25

Average Annual Max. DB *C Std. Dey. 'E Mean Daily Bange DB *C

Wind ¢ incident with 0.4% DB [cooling) MCWS

5

Comcident with 99.6% DB [heating] WS

]

mis
mis

Annual Dezign Yalues 1% Em!x 2% m!s

Heating Coldest Month

DB RH _ WS MCDE
e |Kikg -l i didon=:

99.6% (2.2 |50 | | 970/ | 042
9% 39 [0 ] [vzm] | 1% [5 174

Figure 24 . ASHRAE Design Data for Bogota, Colombia

55

DB

PwD
PwD

90 |deg.

320 |deg.

5% m;s

Average Annual Min

Std. Dew.

i 2 B
] fs ]



Accurate energy calculations cannot be performed without motile system
heat components. In addition to the general formulae for sengiblelazent heat
described in table 9, the mathematical model for drying dperatiso comprises heat
components (e.g. heat in, heat out, heat balance) in order tofyidéwi available
airflow for heat recovery and leaving air temperature fat hecovery from the dryer.

Energy and drying operations are typically described as the saensible and
latent loads, plus heat balances. The drying operation andafysiancalculations are
based on the textbooks described in Chapter Two [12, 30n8234.

3.3 Summary

This chapter illustrated the schematic diagram of the propasddcovery unit for
pharmaceutical clean rooms in Colombia; it showed the climaigndesnditions for
Bogota, Colombia and gave the main mathematical formulaeatigatused in the
software to calculate the amount of heat recovered by thergRe¥dow unit. The
proposed software was defined as a single application for processgper fitting for
pharmaceutical drying operations under clean room conditions and aekesery

analysis tool.
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Chapter 4

Implementation and Results

4.1 Introduction

This chapter contains an overview of the Reverse Flow HReatovery
mathematical model for pharmaceutical drying clean rooms ionalmh, provides a
brief description of the major parts involved on each Human-Madhteeaces
(HMI"s). Identifies the minimum hardware and software nesuents to install and run
the proposed software. Provides information of the model validaésting and finally
gives a detail analysis of the result obtained.

4.2 Heat Recovery Human Model Interface

The simulation software is based on hourly profiles for climateditions and
operational characteristics. Calculations of Heat recovieced the drying operation,
Heat Recovery (HR) performance and Payback analysis duelimg establishing the
cost-effectiveness of the Reverse Flow Heat Recovery myst&igures 25 to 38
highlight the main components of the Human-Model-Interface (HMIihef Reverse
Flow Heat Recovery software, in terms of purpose and actiVhg assumptions and

equations used to arrive to the heat recovered are giwatinHuman Model Interface.
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As described before in Chapter Three, the new Human Modefaceethat
permits outputs to be derived based on inputs for predicting the amoumtmba heat
(energy) that can be recovered in pharmaceutical drying cteansrin Colombia, is

comprised of the following six components:

(1) Main (Index) Component

(2) Dryer Heat Recovery (HR) Component

(3) Reverse Flow Heat Recovery (HR) Component Performance

(4) Reverse Flow Heat Recovery (HR) Component Analysis

(5) Psychometric Chart with stated points, i.e. HR Supply, OusideMixed
Air, and Indoor Set Point.

(6) Payback Analysis

The previous components communicate with each other using MS Exadehbuil
MS Visual programming code. MS Excel using MS Visual programmiag selected
as the energy analysis program in this project, as the cts ecbmputer facilities and
the software itself are small compared to similar safewpackages which are not
affordable for most users since the licensing fees are exgpgnsive. Moreover, the
mathematical model uses a user friendly Human Model Intetfat avoids the cost of
learning a complex program. The end result is lower cost, usedly, flexible, easy to

customize, and a higher quality software application.

The major parts involved on each Human Machine Interfaces (BiMies as

follow:
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Aspect 2: Clean Room Set Points
Purpose: Selection of the required clean roo
set points for summer and winter conditions, i
order to calculate Psychrometric Calculations.

Tab.1 Main

ery Calculation

Aspect 3: Psychometric
Chart (Manual)

Purpose: Generate
psychrometric chart from a
manual templa.

~

Heat Recovery Analysis * Rev: Dec.21/10
Ci Techoguimicas ¥ ‘e-mail
Job Name: Cleanroorm - Drving Operation s/ Tel:
_Location:  Bogota, Colormbia X Fax:
Units V _ )
x : ~Clean Room Indoor rrrE— w o e
HEiE el Sirdenrlien Setpoints iClean Room Class Limits =23 SO A Hue i e
Couling Heating ‘Summer Winter " o u | JolassLimit 100
| An’rlu'aJ'Fr_eq'.:: % 04% || 885% = ACH{miny 240
MC Drybulb:  °C 211 22 21,0 23,0 ACH (maxy 480
= o 2 2
Wethulh:  °C 133 g 16,0 140 P It of
e, Enviionmental Scien\e &
e 16% 14% Ba% 4% Teohn, ES-HE.CO0N
Humidity ;_
Dewpoint:  °C. 4.1 63 138 8.3
Humidity” = <
Ratio; 2" 7 S R i Figure 3-4. Abridgement of ASHRAE psychrometric Chart 1. (Repring
Vapor’ : ST LI 5T i/ el ol 1077 )
kPa 4,68 2,564 11,87 874
Pressure: 4
2 = - oincidel e
i Hoim3 0,8639 epE e 5.0 Commodity Prices
Air Density: |Kg : ‘Speed (mis) J ; 5 Peyehrometric:
Elevation (m) 2648 | N.Gas (€/m3) 0,24 Calculator Clean Room
: Vi - = i ; Air Changes per Hour (AC
Pressure (kPa) 742 Electricity (€kwh) 015 Di Chiangei p el
CLEAN RO AlR: 240 ACH (LxWxHm Type
Lengfyfmy  Wildihiom)  Aeaim?)  Heightom) Yolume(m3) | Es'd Airow (mihy {52 ACH Min. 6 x6x3 Unidirectional 240 - 480
Bgn «[[ 800 - @m0 «[ =300 = 1peD 25020 « | < ClamHm (Laminar flow)
= 6 x6x3 Non-unidirectional 150 — 240
+ SensiblelLatent Heal Angfysis based dn ASHRAE Fundamentals Handbook (Turbuvle_nt ﬂ?w)
** Engine: M3 Visual Basjt 6.5 code. Pdychrometric calculations based on PsyFunc by Linkc™ 6 x6x3 Non-unidirectional 60 - 90
(Turbulent flow)

(@)

Aspect 1: Outdoor Design

of the required Annual
Frequency, Dry bulb and Wet bulb
temperatures for cooling and heatin

parameters at a particular location in orde|
to calculate Psychrometric Calculations
such as: Relative Humidity, Dew point,
Humiditv Ratin amd Vanour Pressii

Selection

Figure 25. Main page
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Aspect 4: Outdoor Design

Purpose: Selection of ISO Clean room Class fo
a given clean room application [40].

(Input Variable




Sensible /Latent Heat Recovery Analysis *

P sychrometric Chart I

Heat Recovery Calcula

Aspect 5: Job Information

Purpose: Gives job information, includi
Company name, Job name, Location, Contagt
information.

C d Tecnoguitmicas Contact: e-mail
Job Name: Cleariroom - Drving Operation Position: Tel:
Location:  Bogata, Colombia Address: Fax:
Units )
-~ . -Clean Room Indoor .
Metric (Sl Qutdoor Design Setpoints IS0 Clean Room Class.
Cooling | ‘Heating ‘Summer | Winter
Bnnual Freq: ] ] Aspect 7: Air Changer per Hour
mcobul  Aspect 6: Commodity Prices (ACH)
T wemwms PUrpose: Gives job |nf0rmat|on,_ includi Purpose: Selection of maximum or|-
—wmm| COMPpany name, Job name, Location, Contadt minimum standard airflow (fth). [
Humid information.
= ldﬂf‘ N Figure 3-4, Abiidgement of ASHRAE psychrometric Chart 1. (Reprinte
Humi g : Handbook, Fundamentals Vaolume, 1977.)
Rati: U0 | 99 30 138 \m\ an wndamente .
b Vapor' oo [ gge 2,88 18T a7a
Pressure: J _ _ - 4 _ 150 Clean Room Class Sele:
AinBansisamccid | 08639 MIEAK Eainkientii 50 Commodity Prices
y el . Speed(mis) | © e Psychrometric ISO Clean C'Ec.aan Rc.)om Air Changes per Hour (ACH)
Elewvation (m) 2648 M.Gas (€/m3) {ige= | Calculator Room Class LxWaxH) 7
. P A T X X m ype
Pressure (kPa) 743 Electricity (€/kwh) 015 - = 100 6 x6x3 Ui gjrec tio gal 240- 480
CT'*RD;M(Q‘T Wiidth (m) Area (m2) Height {m)  ¥olume (m: Estd Al i L s . HUW)
2 I, | m red (m el 1, olume. | Im . ACH Min. T .
1,000 6 x6x3 Non-unidirectional 150 — 240
00 %] 6,00 = 36,0 R RH 1080 25920 «~— 1 ACH M - (Turbulent flow)
— : : : ~ 10,000 6 x6x3 Non-unidirectional 60 - 90
+ Sen\s(eiLatent Heal Analysis based on ASHRAE Fundamedtal\ Handbook N (Turbulent flow)
N5 Visual Basic 6.5 code. Psychrometric calcul#fions baged on PsyFunc by Linric™
\1’ o \

Aspect 9: Clean Room Dimensions
Calculates the clean room area and
volume based on give Lenght (m), Width
(m) and Height (m).

(b)
Aspect 8: Temperature
Conversion

Real-time unit conversion for deg
C and deg F.
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Shows Weather Design Data for selected
world cities. It requires Linric Psychometric
Calculator Program.




Tab 2. Dryer HR

Dryer Heat Recovery

A S biadues sre Mamtalipmes

product.

Aspect 11: Dryer Process Parameters
Purpose: Selection of manual inputs process
parameters that affect the properties of the drie

Product: Acetglsalicglic Acid [Aspirin]
Fharmacopeia .55 with 0,55 water
INLET UNITS YALUE OUTLET UNITS YALUE
et Product kagdear 1058136 Ciry Product kat'tear 200000
et Praduct Maisture Content % 24,80 Diry Product Maizture Content b 10,50
Diryer type Counter Current Fiokary
Diryer Capacity kafs wet stock may 00300
et Product Input Temperature K 373 Diry Product Dutput Temperaturs K 065 ot sining mcietre
5 4 k.g water wapourd
Alrsupplied kg dry air 0,008
Entering Air Temperature K 385,0 Leawing Air Temperature K 20,0
Fieference Datum Temperature k 2730
Cal. Latent Heat based on Tin kdfkg 2.257 Radiation losses kK g dry air used 20,0 Masurmed s s Arenes ammenl i bl mes A o ot i pise’

Froduct

Wt product meishure confent |

=Wet product,, - Wafer,,,

YWater = [{af cuck,
ater ef product, x[ 100

= 795763 kg—l

]: 262433 kg_j

“Wiet
Froduct

= Water . — Dry product,, . =

_r (Dr}l produet
Ly

Dry product . — Solid dry product 0=

258 433 kg

x0.995 )= 796000 kg Product

Jat

4 000 kg wWater

Figure 26. Dryer Heat Recovery
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Aspect 12: Dryer Human — Machine — Interface
(HMI)

Purpose: Dryer user friendly interface of the pssce




Aspect

13: Dryer Input Equations

1. Heat In - -
Purpose: Heat input equations to calculate hea
(a) Air balance of Rotary Dryer.
Heat content of stream = l[CP{D_,_‘. an G+ (AW (500G x €, {wm_,‘.ar,\w))Jlx(l'}n{w) =
= 113.35 G kW
(b} wet solid
Mass flow rate of water = (Drver;pupu iy * Wet Product g conieny)
= 0.007 kg/s
Mass flow rate of dry solid = (Drver; copuiy, x Mass flow rategy,.,)
= 0.023 kg/s
Heat content of stream = l(M'ass flow rate poy sy X 4.18)+ (Afas.s flow rate ;o sy X Cp\,p,ﬁm)j(fmm{w& e _-Tm-;mm))
= 5.10 kw
2. Heat Out
(a) Air Aspect 14: Dryer Output Equations
Purpose: Heat output equations to
- . . calculate heat balance of Rotary Dryer.
Heat in exit air = l[pp{m- :i-'}G+ (dir {Sl,'pp:'ie@G x Cp(wmnqmm )J]x(TOur{.ii’} o PO ypry
37.45 Gkw
Water in the dried solids out = (_T Outé Dry produce mossmrey X Matss flow rate p, s J (1 E L i seorsi J
0.001 kg/s
Water evaporated into gas steam= [\Touwnwam:mf_,m@ — Waterg, sixons ]
0.049 ka/s : ;
Assuming evaporation takes place at 373 K, then:
Heat in the water vapour = Water evaporated pi.. oy X le(Wm Ay (TOI_.[ gy S }+ Latent heat (mopramoyny™ 418 X (T mer procie
124.70 kW
(b} Dried solids
Heat content of stream = l%MG:Sk.&ow rate, oy iy X Cp mrodueny ,]+ [\.Warer{h i ssiidour 4-18,.]"'- (Tom{pv_\: product) T Tmm]
| Ce Ranliation Losses 20.00 G kW

Figure 27. Dryer Heat Recovery
(@)
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3. Heat Balance {In=0ut)
Mass Flow rate (G) is:

Heat contert ., . 0t feat comtent (o = Heal e water Yapaur o .ot et e ext air gt Heat content af siream (#
T Heat content | — Heatentt atv .. .. — Lossi= Heaf water vapour,,, . .., +Heaf contenf of stream

55,90 G = 119,64
ate of dry air supplied to the dryer G = 2,14 Kafs

s avr Do v ) o F L OSE

Heatm o8l T Heaant Do it ™ FHeat content i Flead in Wt aolia|

Aspect 15: Dryer Heat Balance
Purpose: Heat balance and mass flow
rate of dry air supplied to the dryer
calculations.

4. Heat Recovery

: . Air Density 1,20 Kg/m3
Leaving &ir Temperature = 310 degC
Available Airflow for Heat Recovery = Mass flowrafeof dry qir x 36007 Ay density= 6.420 m3fh  [3.779 cfm
Leaving Air Termperature for Heat Recovery, dB = Leavingair terperatuedeg K - 373= 37 degC 98,6 degf

B

Aspect 16: Dyer Heat Recovery
Purpose: Available air flow for Heat
Recovery and Leaving Air Temperatur:
for Heat Recovery calculations.

(b)
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Tab 3. HR Performance

REVERSE FLOW TECHNOLOGY

Mote: Blue Yalues are Manual Inputs given by the Manufacturer

Aspect 17: Heat Recovery Performance

Purpose: To calculate actual and standard CFM ¢debkt
per minute) for winter and summer conditions ugien
available airflow for healecoverv from the drve

performance analysis.

Figure 28. Heat Recovery Performance

Aspect 18: Heat Recovery Performance design data
Purpose: States design data for heat recovery

(@)
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Summer | Winter y a
Actual CFM Standard CFM Eshausted |
At L
Actual CFW Exhaust 3779 3518 3518 £ :
Actual CFM Supply 3774 3708 3963
Minimum Standard CFM 3.518 3.518
Actual CFM Fresh Air 3779
Actusl CFM Exhaust 3774
Design Data DB WB RH {griLb) 1 L
Outdoar Wirter (F) 36,0 297 212 0% SR
Outdoor Summer (F) oo 554 E9.1 Fransh bin 4o WOAC oali
Wirter Exhaust (F) a5 & 9.0 393
Summer Exhaust (F) 95,5
Alitude (Ft) BeRER . e
Pressure (psi) 1077 By Heat Recovery Unit i
|Effectiveness of Exhaust (9] 0% +i- 5% "Wanufacturer !
Latert Winter Recovery (%) 70% P ’
Summer Winter
Effective Caorrection 0,59 1,00 o T I
Humicsfm Ratio Carrection 1,00 1,00 1By Heat Racovgry Unit i
Exhaust Air Effectiveness G0,0% a0 0% iMEnUfEI cturer :
Exhaust Temp. Winter Supply Temp. | J/ ~— [ 77
Prezzure Drop Correction 0,83 0,81

Aspect 19: Heat Recovery Unit
Purpose: Show the major component
of the Heat Recovery Unit.




Aspect 20: Airflow CFM
Purpose: To calculate actual CFM Exhaust and supply
velocity.

(b)
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Aspect 22: Heat Recovery Performance
Purpose: To calculate the heat recovered of thplgtp
AHU.

Actual CFM Exhaust 3779
Summer Design Winter Design
Exhaust Exchanger Exhaust Exchanger
SCFM Static™ SCFM Static™
3518 0,342 3518 0,342
Supply Supply Supply Supply
scfm summer Static™ SCFM winter Static™
3708 0,387 3863 0,358
Summer Winter
scfm ratio scfim ratio
0,95 0,69
Airflowy (ofm) Exhaust Supphy
Marmal Static (inch) 0,402 0,402
Welocity (fom) 437 437
Return Temps Supphy to AHU Aspect 21: Return temperatures
DE {degF) DB (degC) Purpose: To calculate return temperatures of thplglAHU
for winter and summer design.
Wirter Design 86,0 300
Summer Design A F )
Heat Recovered 212212 btuh LR 1.085 & Scfm ¢ [Temp.supply - Temp. ethaust)



Actual CFM Exhaust

Actual CFM Supply

Minimum Standard CFM

Actual CFM Fresh Air

Actual CFM Exhaust

HR Performance Equations

Summer Winter
Actual CFM Standard CFM
=(From Diper) -[(mms CE sm.u:jx[ 2ok ]X[Hg..??.‘m! ]] -[(xmm A Em.ur)x[ i CEL) Jx[agsmr ]]
(Simmer  Ewsaist (F)+460) 2002 (W it er Brumt () + 460 0 92
. 520 67 Hy Outside  uwwmer . 520 67 Hp Oupside Wit v
= - | (Al CFNS Fresh S =
Aetual CFM Exhaust [( i A [(omm Timnmer (F)+460)Jx[ FE] ]] [(‘m‘”‘t CFhd Prask i)z [(om'aar Waier (F1+ 460 J ”[ W02 J]
=N Value Astual CFM (Surpner) o =N Falue Actual CFM (i inter) ,,
= Aotual CFM Supply
= Astual CFM Exhaust
Summer Design
Exhaust Exchanger
SCFM Static™
= Actucl CFAM ExhenistSuyammey = [%] x 0402 x Pressure drop corection
Supply Supply
scfim summer Static™
Supply SCFM  Summer |
i =l 0.402
Actual CFM Exbeaust Summer [ R — A
Summer
scfm ratio

Exhause SCFI Summer
Supply SCFM Summer

- )

Erxhaust SCFM Winter
Supply SCFM Wint er

[ )

Winter Design
Exhaust Exchanger
SCFM Static™
_( Bahaust SCFM W inter | AR i 5
&, ACIIJQ‘ICFMEXhﬂ‘uSIWthY ot m ERE k3 I gsSLire FER correchan
Supply Supply
SCFM winter Static"
Supply SCFM Winter )
= Acfual CFM Supply i inter = [M] x 0402 x Pressure drop corvecfion
Winter
scfm ratio

Figure 29. Heat

Recovery Performance Equations

(@)
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Return Temps

Wirter Design

Summer Design

Heat Recovered

Supply to AHU

DE (degF)

DB {deqC)

= (Cutdoor Winter DF — Exhaust Air Efectiven ess) x [Cutdoor Wint er DB — W int er Erhaust ) I[

Jin . S tan dard CFM Wit er
HAetual CFM Supply

= [Cutdoor Summer DE— Exhaust Air Efectiverzss )| x [Outdoor Summer DE - Summer Exhaust) x [

Min Standard CFIM Summer

Actual CFM Supply

)

= (1025 x Fxhaust SCFM) x (W inter Exhaust DB —(Outdoor Wint ex DEY) » Exhaust A Effectiveness Wint er

(b)
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1.085 % Sctm [Temp.supply - Temp. eshaust]



Tab 4. HR Analysis

Aspect 23: Heat Recovery
Analysis

Purpose: Shows the Air flows
paths of the Reverse Flow
Hear Recovery Ut.

[ Exhousted | [ F .

Heat Recovery

Froject. Cleanroom - Drying Operation
Location: Bogota, Colombia
Elevation (n) 2548
Fressure (kPa) 74,2

Aspect 24: Heat Recovery
Analysis

Purpose: Psychrometric Hea
Recovery calculations  for
winter conditions

BE'F (Petumn Rir)

HR Technalogy: REVERSE FLOW : : ._m__‘m-_'""‘ ——
IS0 Class: 100 i { Fake-up Air Unit
Ren'd Aiflow: 25.920 m3h ; HR
' * Summer| 19500 m3fh
© winter| 19500 m3th II i SA
Cionztant Latent H. :
A
(Winter Conditions) From Dryer Outside Air1 HR Supply Mixed Air

Enthalpy, h (Kikg)

Figure 30. Heat Recovery Analysis and Psychometric Paits¢r conditions)
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Aspect 25: Heat Recovery
Analysis

(Summer Conditions)

From Dryer Outside-Air-1

HR Supply Mixed Air Setpoints

Recovery  calculations
summer conditions

Floor Dimensions

Length 60m

Width B.0m

3 Height 30m
Area 36 m2
CLI:EnH ROOMISO CLASS | 100 Yol 108 m3

25.920 m3h

MNote: Blue Values are Manual Inputs
VENTILATION PARAMETERS

take-up Fresh Air Flow dfentilation) 25920 m3rh| 15 257 cfm
Air Changes per Hour 240 ach
Foom Area AR
Foam Walumen 108 m3
Clean Rogm |50 Class Limit 100

Aspect 26: Ventilation Parameters
Purpose: To describe a summary of the ventilatio
parameters used in the clean room.

Figure 31 . Heat Recovery Analysis and Psychometric P(@atsmer conditions)
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Purpose: Psychrometric Heal

for




HR Analysis Equations

VENTILATION PARAMETERS
Wake-up Fresh Air Flow &entilation) = Al flow sef poit i,
Air Thanges per Hour [ From Main)

Room Area

= Clean Room Aren

Foom Yolumen

= Clean Foom Folume

Clean Room IS0 Clags Limit

[ From Main )

Figure 32 . Heat Recovery Analysis (Ventilation Paramsefguations)
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Tab 5.Psychometric Chart

= Aspect 2 Psychometric Chart }/ ( Aspect 28: Psychometric Chart
ey The computer based psychometric chart also ,,f‘ LK (Manual)
E allows saving the file in any of the common : ,f ,.«’“J Purpose: Automatically generates
"; formats (xls, bmp, jpg, gif or pdf) so that it cam e /.-f / the psychrometric chart based on
= emailed or used in reports. /') i “| A the mathematical moc. )y
2 20,00 — FTF T T _
] ¢ il A ik
I ; 2
= A L LA 0%
= ; 0 5 -
15,00 ; === o .
— . =L 1 L]
Aspect 29: Heat Recovery Analysis -] L]
Purpose: Shows the psychrometric points for winter|,.~| b |
conditions. : ;.-"' ;
)L 3
10,00 — e <] {W
L] ; _;.'--‘"'.'EJ |~ ;
500 Bt : 1=
e I
_‘-E =TT L
| emmm————
4 kT e 0 ke o i e i 0y k] o] 2
Qv e B e oy I_E,. I_i}. rﬁg1 rﬁ:" "EP ré’" l_"n}\ A r:?—‘" @-. it

Dy Bulb jdeql)

Figure 33. Psychometric Chart
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Psychrometric Calculations

Inputs HE Supply Cutside Air 1 Wixed Air
Air Flow Rate B.420 m3h 8780 m3th 16.200 ma3‘h
Dry Bulb Termperature o1 i 22 °C 132 °C
YWet Bulb Temperature 1mE "C i (&) " 3B °C
Altitude [ 2548 m.
Qutputs
Atmospheric Pressure 742 kPa
Dew Point Temperature b3 "C 6.3 °C b3 "C
Relative Humidity g4 Percent 500 Percent 236 Percent
Humidity Ratio 30 gramsfkg 30 gramsikg 30 gramsfky
Enthalpy 378 kdikg 897 klikg 202 kdikg
Specific Yaolume (1/d) 1,18 m3dky 107 mdfkg 1,11 m3dky
hlass Flow Rate, dry air 5445 kot 9131 kagth 14576 kolh
hass Flow Rate, water vapor 16.470 kgth 27598 kg'h 44 068 ko'h
hass Flow Hate, moist air 2195 kgt 36.730 kgth o8 644 kogth
Data to Graph HR Supply | Outside Air1 | Mixed Air | Setpoint
Dry Bulb Termp. (degC) 30,0 20 130 230
Humidity Ratio {grikg) 3.0 30 30 100

Figure 34 . Psychometric Chart data
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Tab 6.Payback Analysis

Aspect 30: Payback Analysis - Inputs and Winter Indor
Conditions.

Purpose: Overall measure of the HR unit efficiefexhaust Temps.,
airflow requirements, comodity prices, and Winteddor

Conditions

Indoor Air Conditions
db Temperature of gxhaust” 23,0 0
wih Temperatare of exhaust” 14,0 o Atmaspheric Pressure 74,2 kPa
Altitude " 2548,0 il Dew Paint Temperature 13,8 b
Total Aiflow Reguirements 25,920 marth 15.293 ofm Felative Humidity 64%
Available Dnver Airflow for HR 6.420 marth 3788 cfm Humidity Ratio 13,6 ok
Gas Costs @' 0,34 £im3 — (1,032 £KWh Enthalpy 55,5 kikg
Electricity Costs @' 0,15 Eikh Specific Yolume 1,16 malkg
Heating Recovery Effectiveness D0%
Cooling Recovery Effectiveness B0% e 4
Burner Efficiency 80% ia” Hera' ficon b !
Coaling Efficiency 80% kit e ]
Static Press. added by Unit” 100 Pa
Fan Motar Efficiency 75%
Rewversa Flow Equiprent life 21 WEAMS
The systern has heen designed for a minimurm life expectancy of 21 years.

Heating Cooling Fan Energy Coaling Heating
Exhausted Exhausted Incurred Recovered Recovered
{athy {khy {kvhy {khy {kvhy - .
753,615 8.128 8.410 154 167.997 Aspect 3 Payback Analysis—- HR System Perfofmance

Purpose: Overall measure of the heating and copling
capacities of the heat recovery system.
BKM Modal # HR unitmodel EB 4000

Figure 35. Payback Analysis (Indoor Air Conditions, Winter Indoonditions and HR System performance)
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Payback Analysis Equations

INPUTS WINTER. INDOOR CONDITIONS
Indoor Air Conditions Atmospheric Pressure FromMain(Pressure)
dh Termperature of exhaust FromHR Analysis(W inter conditionsi P DF)
wh Temperature of exhaust FromHR Analysis(¥ mter conditionsiPHE)
Altitude From Ndain (Flevation) Deve Point Temperature FromHR Analysis(if inter condiionsiFP Dewpant)
Total Aiflow Reguirements FromHE Analysis(W inter condiionddixingair flow) Relative Humidity From HR dnalysts (W inter conditions 5P Fe lative Hanidip )
FAuailable Dryer Airflow for HR FromDvyerHR Dyyer availablaaiv flow)
Gas Costs @ Fromdain(Gas cost) Hurmidity Ratio FromHR Analy:iW inter conditionsiP HumidinRaris)
Electric Costs @ FromMain( Elechiciy cost) Enthalpy FromHR Analysis(W inter conditonsiF Enthaln)
Heating Recovery Effectiveness Specific valume =1/Density
Cooling Recavery Effectiveness ]
Burner Efficiency By Heat Recavery Unit
Cooling Efficiency Tlanukacturer
Static Press. added by Unit
Fan motor Efficiency i}
Rewverze Flow Equipment life
Heating Coaling Fan Eneray Conling Heating
Exhausted Exhausted Incurred Recovered Recovered
(nh) (ki) (ki (Kvhy ()
=E Heanng( k") =E Cooling ki) =E Fan Power Load(ki) =E CoolingRe covered (FF) =E HeatingFrcovered (ki)

Figure 36. Payback Analysis (Indoor Air Conditions, Winter Inddonditions and HR System performance Equations)
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ANNUAL COST WITHOUT ENERGY RECOVERY PAYBACK ANALYSIS

Total 'Gas Energy Estimated Cost € 3.060.015 fvear System Cost Including
Casseftes and cassette housing, Interconnecting Ducts, Damper,
Total Electricity Conling Estimated Cost £ 152 402 fyaar Damper section that includes, contraller and pneumatic actuator.

Fan Enetgy Estimated Cost Included in Elec. Cost

Capital Cost  —— € 136.000 29, 186m3h
Total Estimated Cost= € 3.212.417 Near 78% Installation Cost—— € 102.000 15,89 €m3h
Tatal Cost — € 238.000 37,07 €m3h
ANNUAL COST WITH ENERGY RECOVERY Simple Payback 0,35 Years
Annual Energy Cost [I[{Year] 4 2 months

Additional Gas Energy Estimated Cost € 2377 873 fvear

Additional Electricity Conling Estimated Cost £ 149510 fyaar

Total Fan Energy Estimated Cost € 1.261 year

Total Estimated Cost = € 2.528.645 fyaar L
el
Yearly Net Energy Recovery Savings = £ G83.772
Monthly Savings= € 56.0981 - aaaiu:mu HU:G Annal
o
Aspect 3% Payback Analysis—- HR System Performance
Purpose: Economic analysis of the system with ¢haut

heat recovery in order to determine savings. ] -
Aspect 33: Payback Analysis — Payback Analysis

Purpose: Shows a simple calculation of how longoitild
take to recover the investment if a Reverse FlowatHe
Recover unitis used

Figure 37. Payback Analysis (Annual Cost without Energy Reagovnnual Cost with Energy Recovery and Payback Analysis)
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Without Energy Recovery
Total 'Gas Energy Estimated Cost =(HeanngEshausteds Gas cosf) i Buyner Efficiency! 100

Total Electricity Coaling Estimated Cost =(Cosling Exhausteds Bleeniziy cost ) Cooling Efficienag 100

With Energy Recovery
Additional Gas Energy Estimated Cost =[[[HeatingExhausted— HeatingFe covered) 5 Gascost) ! [ Burmer Efficienad 1001
Additional Electricity Cooling Estimated Cost=(Covling Exhausted- CoslingRecovered) » Bleenisiy cos i CoolingEficiengy! 100

Total Fan Energy Estimated Cost =(Fan Bnergps Flecticiy cast

Figure 38. Payback Analysis (Annual Cost without Energy Regp@emual Cost with Energy Recovery and Payback Analysis
Equations)
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4.3 Reverse Flow Heat Recovery Payback Analysis

In engineering, the Payback period is the amount of time requrexthieving
an amount in profits to offset the cost of a capital expendisueh as the cost of
investment in modifications in an industrial facility for the pase of conserving
energy. The Reverse Flow Heat Recovery Payback depends on ar rafnfdetors,
such as location, type of heat recovery unit, unit size,efidy, and, heat recovery unit
performance as determined by the Heat Recovery Unit Manéact

As a large number of uncontrolled and unknown factors are involved in the
Payback analysis, the bin method is use for annual energy consunmptdfiesent
temperature intervals and time periods are evaluateatatety [12]. Weather bin data
for the city of Bogota Colombia provides the number of hours ypiaal year that the
outdoor air temperature will fall in to a particular rangeteshperatures (or bin). The
Payback model, as shown in Figures 35, 36, 37 and 38, calculates saams based
on the heat recovered from the pharmaceutical drying operatiotiet®ymining output
for given inputs at each hour, the yearly net energy receaings are determined.

Table 11 shows weather bin data for Bogota Colombia and, Fig8ret0 and

41 show annual Dry bulb temperatures data.
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Table 11. Bogota, Colombia - Weather Bin Data

BOGOTA, COLOMBIA - WEATHER BIN DATA

8760 hours 2477

Thd'(-2 Filez InterEnergy Software

HWAC Unit Heat Recovery Unit
Dry Bulb Bin Hours MC Wet Bulb MC Enthalpy
Delta T Total Airflow Heating Cooling Fbenartagd 1‘::;::':?_::{:{ Cooling Heating
{degC) (degC) {kJfg) (degC) (mi3mh) (kW) (kW) (KWh) {(m3m) Recowered (kW) Recovered (kW)

240 2 136 479 25920 1787 1,92 6420 79
230 7 141 433 25920 6.341 E72 6420 k)
220 | 138 47 & 1,00 25920 182 2016 6420 40 65
21,0 65 137 475 2,00 25920 1481 65,25 6.420 26325
200 200 133 473 3,00 23920 5.210 192,00 g.420 1161
190 366 134 467 4,00 25920 12712 331,36 g.420 25834
180 614 131 458 5,00 23920 26657 589 44 g.420 2943
170 GE3 127 446 6,00 23920 34.542 636 45 g.420 7700
160 GEE 125 438 700 25920 40481 639,36 g.420 Q024
150 582 123 431 g,00 25920 40429 298,72 g.420 m2
140 632 e 420 9,00 23920 49.390 BOG 72 g.420 11010
130 726 M5 407 10,00 23920 53.040 B96 95 g.420 14053
120 1013 108 39,1 11,00 23920 96.757 a7245 g.420 21569
110 1034 10,1 36,8 12,00 258920 107H 992 64 g.420 2405
100 833 a2 346 13,00 23920 94.030 7949 65 g.420 20961
a0 483 83 32,3 14,00 25920 55.959 465 60 6420 13143
g0 33 74 30 15,00 25920 40765 300,45 G420 9085
70 198 g4 20 16,00 25920 27508 190,05 G420 6132
60 129 56 254 17,00 25920 19.042 123,54 6420 4245
50 g5 46 231 18,00 25920 13.285 81,60 6420 2962
40 21 39 20,7 19,00 25920 G414 43 96 6.420 1876
30 30 28 18,7 20,00 25920 5.210 28,80 G420 1161
20 G ] 19 166 21,00 25920 3.829 2016 £.420 854
10 10 o9 1456 22,00 25920 1910 960 £.420 426

5 13,1 23,00 25920 933 480 £.420 223
-1,0 L -1,0 108 2400 25920 4“7 1,92 £.420 93
-20 1 =20 a8 25,00 25920 M7 096 £.420 458
-3,0 1 =30 7 26,00 25920 226 0,96 £.420 a0
-4.0 1 -4.0 48 27,00 25920 234 0,96 6420 52
=50 1 -5,0 30 28,00 25520 243 036 £.420 54

8760

78



Frequency (parts per billion)

Mean coinc. dry bulb temperature (°C)
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Figure 39. Dry bulb temperature frequency - Annual
Mean dry bulb temp. coincident with wet bulb temp. - Annual
~ BOGOTA/ELDORADO, Colombia (802220)
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Figure 40. Mean dry bulb temperature with wet bulb temperatAnnual

Wet bulb temperature (°C)
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Mean dry bulb temp. coincident with enthalpy - Annual

BOGOTA/ELDORADO, Colombia (802220)
35

# Design conditions

30 f

I o
JJ\/“ |

/f"’\f
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. ,x/
5

Mean coinc. dry bulb temperature (°C)

-5

-10

Enthalpy (kd/kg)

Figure 41. Mean dry bulb temperature coincident with enthafgynual

4.4 Hardware and Software Requirements for Installing the Rverse Flow Heat
Transfer Model

This section lists the minimum hardware and software reougnts to install
and run the proposed software heat transfer model for predictitmairheat (energy)
recovered in pharmaceutical drying clean rooms in Colombia. Théwhex and
software requirements for the proposed heat recovery softwarphBmmaceutical
drying clean rooms in Colombia are derived from industry staniatthologies and
widely available commercial products.
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Table 12. Hardware and Software Requirements

Heading Description

Software
Microsoft Office Excel 2002 or Microsoft Office Egt2007.
** To install and run the MS Excel combined with M¥isual programming, the macro secur
should be set to Medium in order to be able to Enatacros. To allow unsigned macros to run, theistall installed
add-ins and templates” check box must be selectetenTrusted Publishers tab of the Security didlwg
On the Tools menu, point to Macro, and then clieki8ity.
On the Trusted Publishers tab, select the Truststthlled add-ins and templates check box.
For more information, see Microsoft Office SuppGentre [39].

Hard Disk | At least 5 MB disk space.

Drive A CD or DVD drive, as appropriate, is required ifwstallation from disc.

Processor | Processor type: Intel® Pentium® 4 Processor oefast
Processor speed: Recommended: 3.0 GHz or faster

Operating | Windows XP or newer

system

Memory | RAM:
Minimum: 1 GB
Recommended: 2 GB or more

Display For the Reverse Flow Heat transfer model graphdags is recommended Super VGA or higher resolutditeast
1280x1024 pixel resolutions.

Other Pointing device: A Microsoft mouse or compatiblérpiog device is required.

Devices

4.5 Validation and Testing

The requirements validation techniques have an important rolefiwase

development. It is an accurate representation of the redd Wom the perspective of

the intended uses of the software. The proposed softwatetraeafer model is

validated using a comparative technique, which compares sessuits of the program

with each other.
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Usually, a software program is tested properly using diffaéesttcases before
shipment to customer, but this program is tested atdiagke after development. A
comparative technique is used between two or more factor$S@.glean room class,
wet product moisture content, and commodity prices escalafitiese factors are then

compared to each others and their results analyzed.

4.6 Results

As seen before, there are several parameters that affecidecision to
implement a Reverse Flow Heat Recovery system. This dibsexldresses some of

the economic considerations which are evaluated and compattezldecision process.

4.6.1 Airflow Heat Recovery vs. Wet Product Moisture Content

Table 13 shows the available Airflow Heat Recovery based onWhe Product
Moisture Content. This relationship provides an indication thatétasionship is linear

in nature.

Table 13.Airflow Heat Recovery vs. Wet Product Moisture Content

Wet Product Moisture Available Airflow for Wet Product Input
Content Heat Recovery Temperature

% m3/h K

10,0 6.470,0 373
20,0 6.436,0 373
30,0 6.402,0 373
24,8 6.420,0 373
40,0 6.368,0 373
50,0 6.334,0 373
60,0 6.301,0 373
70,0 6.267,0 373
80,0 6.233,0 373
90,0 6.199,0 373
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Dryer Airflow for HR @373K Input Temp.

Airflow for HR (m3/h)
=
|

Figure 42. Airflow Heat Recovery vs. Wet Product MoistGontent

4.6.2 Heat Recovery vs. Outside Air Temperature

Table 14. Heat Recovery vs Outside Air Temperature

Outdoor Air DBT (deg Outdoor Air MCWBT Heat recovered

C)* (deg C) * (kw)
-5 -5 77,9
0 0 69,6

2,1 -1,6 64,7
5 4,6 59,4
10 9,2 50,1
15 12,3 40,8
20 13,7 29,7
25 14,8 22,3
30 18,5 13

* Based on Bin Data
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Heat Recovery vs. Outdoor Air Temperature

Heat Recovered (kW)

-5 0 21 5 10 15 20 25 30
Outdoor Air Temperature (degC)

Figure 43. Heat Recovery vs Outside Air Temperature

The above analysis shows that the heat recovery is proportiomaghse to the
outdoor air temperature. Thus, the colder the outside air tetaperahe more

profitable the Heat Recovery system is.

4.6.3 Energy Prices Analysis

Table 15. Energy Prices Analysis

Heat Recovery Payback

Time (Years) N.Gas (€/m3) Electricity (€/kwh) (Months)
0 0,34 0,15 4,2
1 0,36 0,18 3,9
2 0,37 0,22 3,8
3 0,39 0,26 3,6
4 0,41 0,31 3,5
5 0,43 0,37 3,3
6 0,46 0,45 3,1
7 0,48 0,54 3
8 0,50 0,64 2,8
9 0,53 0,77 2,7
10 0,55 0,93 2,6

* Annual escalation natural gas price 5%
** Annual escalation electricity price 20%
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Energy Prices Analysis

1,00 |
0,90
0,80
0,70
0,60
0,50
0,40
0,30 -
0,20 -
0,10 -
0,00 -

Commodity Price (€)
Payback (Months)

0 1 2 3 4 5 6 7 8 9 10

Time ( Years)

mmm N.Gas (€/m3) mmm Electricity (€/kwh) Heat Recowery Payback (Months)

Figure 44. Energy Prices Analysis

As seen in the previous 10-year energy price analysisawiinnual escalation
of 20% and 5% on electricity and natural gas respectively, thbapkyof the

Reverse Flow Heat Recovery system reduces substantially.
4.6.4 Payback Analysis

The Payback refers to the time period that will elapse béfiereumulative cost
savings will equal the incremental capital cost of the equipseected. Using the Bin

data and the calculated response of the calculated heat etténen the Reverse Flow

system in pharmaceutical clean rooms ISO Class 100, 1,000&@D is as follows:
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Table 16.Payback Analysis

Class 100 Class 1000 Class 10000
[CACED)
Additional HVAC Annual Energy Cost € 2.528.530 € 1.324.193 € 119.856
HVAC Annual Energy Savings (HR) € 683.726 € 683.467 € 683.208
€ 3.212.255 € 2.007.659 € 803.064
1SO Class 100 Clean Room Annual Energy Cost (€ear)

HVYALC Annual
Energy Savings
B
21

m Additional HYAC
Annual Energy
Cost
%

ISO Class 1,000 Clean Room Annual Energy Cost (€Year)

 Additional HYAC
annual Energy
Cost
86

 HYAC Annual
Energy Savings
[HR]

T4

ISO Class 10,000 Clean Room

Annual Energy Cost (£/Year) .
m Additional HYAC

Annual Energy
Cost
155

g HYAC Annual
Energy Savings
[HF)
a6

Figure 45. Payback Annual Energy Cost

Assuming a typical boiler efficiency of 85% and a negotiated fooshe gas at
0.34 €/ni (0.032 €/kWh) this translates to an average monthly savings56f7&24.
The total project cost including cassettes, cassette housimgconbecting ducts,
damper, controller pneumatic actuator and installation cost (75%&nhagerage cost of
€ 238,000. Using a simple Payback analysis the Payback for thestpiopstimated in
0.35 years (4.2 months), which indicates that the implementation &etherse Flow
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Heat Recovery system in pharmaceutical drying clean roomslam®i@ is economical
and viable.

4.7 Summary

This chapter illustrated the Reverse Flow Heat Recovery matieal model
for pharmaceutical drying clean rooms in Colombia, highlighting thesn momponents
of the Human-Model-Interface (HMI) of the Reverse Flow Heatovery software, in
terms of purpose and activity. It identified the minimum hardwamne software
requirements to install and run the proposed software. It provided miormof the
comparative technique validation and testing model. HVAC Monthlyin§avwere
calculated for ISO Class 100, 1,0000 and 10,000 Clean Rooms, givingfilmated
Payback of 0.35 years approximately. Results indicatedtbadmplementation of the
Reverse Flow Heat Recovery system in pharmaceutical deyéag rooms in Colombia
would be cost effective.
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Chapter 5

Conclusion and Future Work

5.1 Introduction

This chapter concludes with a summary of the dissertation witiuates the

objectives of the project, and gives suggestions for furtiogk.w

5.2 Evaluation of Objectives

As part of the ongoing management review process to ensuréhéhptaject
finishes on time, meets pre-determined criteria, and theeequirements for what it
was initiated, this section evaluates at the conclusioheoptoject each objective to
see whether it was achieved or not. The objectives of thecpras defined before

were:

Objective 1

- To identify and evaluate heat recovery options in the pharmaakdtying operation
in Colombia. In particular the mathematical model that gsroautputs to be derived

or predicted based on inputs.

Yes, this objective was achieved. This project described sirmved the
structure, trends and production characteristics of the Colombiarmabeutical

industry and tied it into the generic processes.
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It also identified and described thermodynamic equations usedhe
Mathematical models. The drying operation and air analyd@ilations are based on
the textbooks described in Chapter Two [12, 30, 32, and 34].

Objective 2

- To investigate techniques for presenting heat recovery optimms the drying

operation.

Yes, this objective was achieved. This project proposedvaHeman-Model-
Interface (HMI) that permits outputs to be derived based on inmrtgrédicting
the amount of air-to-air heat (energy) that can be recovergecharmaceutical
drying clean rooms in Colombia. It identified that the dryingleyis a critical
operation where large emissions of heat are produced, and it pdappesuse of the
Reverse Flow Heat Recovery Technology to draw the humid ain@xite process
through a vent system equipped with a heat exchanger technology. E@ure
showed a schematic diagram of the proposed system for a tpp@ahaceutical
counter-current rotary dryer for drying solids completed withverse flow heat

recovery unit.

Objective 3

- To develop and implement a system where the model aspectstai@ge aspects

and visualisation aspects are combined.

Yes, this objective was achieved. The heat transfer modgré&dicting air-to-
air heat (energy) recovered in pharmaceutical drying cteams in Colombia is
defined as a single application for process parameter fittingharmaceutical drying

operations under clean room conditions and a heat recovery anaysis
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Model aspects are developed using off the shelf software appigatuch as
MS Excel combined with MS Visual programming; data storags fdre stored in
excel format (xls.), and visualisation aspects are combimedser friendly Human
Model Interfaces (HMI's) that avoids the cost of learningpmpmex program. In

addition, the software includes two types of psychometiactsh

(1) Paper type psychometric chart represents the thermodyrapperties of the
moist air. The choice of coordinates is arbitrary. The heatster mathematical
model includes a chart with coordinates of Dry Bulb (degC) and #itynRatio

(gr/kg) and gives a convenient and useful graphical user intesfem&ing several
psychometric set points such as HR Supply, Outside Air, Mixed ahid Room

Indoor Set Point with a minimum of thermodynamics approximations.

(2) Automatic generated psychometric chart on the computer thengathematical
model represents the thermodynamic properties of several psyititoptecess set
points: i.e. HR Supply, Outside Air, Mixed Air, and Room Indoadr FSnts.

Objective 4

- To develop user-friendly virtual simulation application softwayeshow the heat

recovered from the drying operation and the energy savings &nd user.

Yes, this objective was achieved. The heat transfer modgrédicting air-to-
air heat (energy) recovered in pharmaceutical dryingncteams in Colombia was
developed in MS Excel, which have a graphical user friendlyfage. The software
included a Payback analysis to establish the cost-effectiveh#ss Reverse Flow Heat

Recovery system.
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5.3 Future Work

Although the proposed heat transfer mathematical model for preglaiti-to-air
heat (energy) recovered in pharmaceutical drying clean roomslam®@ia is based on
hourly profiles for climate conditions and operational charatiesjcertain phenomena
cannot be modelled precisely, like temperature changes duringntimg operation,
commodity energy prices escalations, different types of dgedsperformance, etc.
This problem can be partially overcome by using a method where @tgiatie solved
simultaneously at each time interval. The results of this tiogletrategy are superior,

though it demands more computing resources.

5.4 Conclusions

- Pharmaceutical drying clean rooms require careful considerafidts garticle
concentration, Air Changes per Hour (ACH), location, manufaa processes, and
both equipment and operating costs.

- The drying operation is realised by evaporating solvents fromssuigive the final
product (or intermediate). There is significant potential fort heeovery from the

waste heat exhaust.

- In Colombia further savings in areas such as Reverse Fleat Recovery are

possible, cost-effective, and viable.
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The particular processes employed in a pharmaceutical productienseqary by
product and by plant. The key factors affecting a plant energy cornsanmptiude
facility type (e.g., bulk production), the products produced (e.gleT@bthe plant
location, and the efficiency of the plant.

Thermodynamic equations used in the mathematical models caltuaamount of

heat recovered by the proposed Reverse Flow Heat Recovery uni

HVAC monthly savings were calculated for ISO Class 100, 1,606 10,000
Clean Rooms, giving a estimated Payback of 0.35 years.tRésdicated that the
implementation of the Reverse Flow Heat Recovery systerpharmaceutical

drying clean rooms in Colombia is highly economical and proétabl

The proposed heat transfer mathematical model for predictingp-air- heat
(energy) recovered in pharmaceutical drying clean rooms in Colgpnbiéded an
indication that the heat recovered is proportionally direct toctean room ISO
Class.
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Appendix 1. Existing HVAC Control Block Diagram [16
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Appendix 2. Controller Distech ECP-300 Technical Sp

%o | 5  easyCONTROLS™ LonMARK® v3.4 Certified
] 18-Point Free Programmable Controller
- 10 Univerzal Inputs

ecifications [16]

ECP-300

- 8 Universal Qutputs

ications

- Comirod of equipment such a5 roof top units, fan
oo, heat pumps, veniliahor unis, terminal units,
muftistage air handing units, chillers, Doilers,
fghting Systems, refngeraton systems, eio.

- Conirod of many olher types of HWAC and
lignting equipment, 3s weil 35 power

medsuremsan! appications

Features

Intercperability

- Basad on LowWoaxs™ technology for peer-to-
pear communicaion betwesn conbrollers

- LossMarx” oerified acoordng io e
nteroperabiity Guidelines Version 3.4

Hardware

- Fire retardam plastic enclosure

- Separadie base plate Fiows base wih
CONNECIONS to be eNipped to she for Instalatan
while enginesiing fs done at the ofMcs

- Light weight ang campact enclosure 5aves on
shipping costs

- 10 univarsal Inputs fumoer-less selecion)

- 3fuse-protecied UTIvErsal GUTpLE

- Status indcaor on 2ach

- 128K Flash mameany for #1e configuration and
TENGNg Of Up 10 12,000 events

- Baftery backad-up clock wim 3 Mfteen year
iir=span

- Transmiz, recalve and power LED Indicators

- Din-raif mountng Integrabad Inta the enciosire

Software

Mare than 60 networnk vanables Incsing

- 1B MVIs, changeadle type and kength

- 1B MVOs, changeable Iype and length

- Support of fa-n binding for Zoning appications

- Each object is configurabie and programmabis
srpugh thelr own LNS® plug-in

Frae Programmable Object

- COMMQUIETon, code and fabel stored n the
coniraber REEf for agvancad backin PUIPOSEs

- Many programeing features available such as
PID loops, timers, optmum start

- View 3l infesmial poirs fe.g. consiants,
variables, .| using 10 UNVTs of 15 valtes
each

4 Schedulsr Objscts

- AF scheduies are stored In Fiash memory

- ‘Scheduiz network variabies are of changeable
fype and length

- Seven weskiay tempiates per scheduler

Sl configurabie evenis per day, per schediser

- Four hioliday templates per schedissr

- Goheduies can be ediied locaky on device

Real-Time Clock O

- AFows conflguration of daylight savings time

- Accuraie Smakeening for comiroier appicalions

The SasyCOMTROLS ECP-300 is & microprocessor-based  fres
programmabée controller designed to conbrol wamious HVAC applications.
Designed to controd equipment such as rooftop units, fan coils, heat
pumps, wentilator unds and terminal units, the ECP-300 can also be used
for any lighting control and power measurement applications. The ECP-300
uses the LonTalk™ communication protocol and is LosMark certified using
the Sensor profile (#1) for its input objects and the Actuator profie (#3) for
its putput objects.

It is mporant for system integrators and nstalers to be able to easily
understand and use Distech Controls’ products and this is why ease-of-use
has been made their primary featers. The ECP-300 can be prograrmmed by
using the EC-Program plug-in through either any LMS-based software such
as Distech Conbtrofs Lonwatcher, or by wsing a mufti-protocol platform
software supporting LowWorks devices such as the EC-Net™ software
powsred by the Niagara™ Framework™. The EC-Prgram plug-in is
unique in the controls industry because it combines a wser-friendly
Graphical User Interface (GUI) with the power and flexibility of a code
editor and compiler. Distech Controls’ EC-Program plug-in uses a unigue
and simplified wersion of BASIC that has been developed in-house and that
is custom made fo suit controls requirements. Also available for use with
the EC-Met software powered by the Niagara Framework™, the Disfech
Ciontrols Shadow Objects and Modules afow one to configure and monitor
the ECP-300 free programmable controller

The easyCOMTROLS product lme is built to meet rigorous quafty
standards and carmies 3 two-year warranty. The complete line of
easyCONTROLS controllers is designed for use with any LowWorks-
basaed andor any other open and mtercperable system — such as EC-
Met™ This provides both the confractor and the end user with the flexibilty
of using "best of breed” products n system design

Distech Controls' quality managament system i 150 9001:2000 certifiad.
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Product Specifications
mm (inch)

- = R — ——

T

Power Inputs
Voltage 24V ACIDIC, 15%, S060HZ, Class 2 Quiantity 10
Protection 1.854 auto-reset fuse Input Types: Universal {software configurable)
Typical Consumpfion SVA Moftage 0-10WDC, Accuracy 10.5%
Maximum Consumption 184 -Current 4-20mA with 2490 external resistor
Environmental {wired in parallel), Accuracy £0.5%
Operating Temperature 0°C to T0°C; 32°F to 158°F -Drigital Diry contact
Storage Temperature -20°C to 70°C; <4°F to 158°F -Pulse Diry contact
Relative Humidity J to 90% MNon-condensing 500ms minimum ONOFF
General -Resistor:
Processor Neuron® 3150°; & bits; 10MHZ Thermistor Tvpe 2.3 10K
Memary Mon-vaolatile Flash 64K (APB application) Range: 40°C to 150°C; -40°F to 302°F
Mon-volatile Flash 128K (Storage) Accuracy: 20.5°C; t0.9°F
Communication LonT &k protocol Platinum RTD 1K
Channel TRIFT-10; TEKbps Range: -40°C to 150°C; 40°F to 302°F
Clock Real-time clock chip Accuracy £1.0°C; £1.8°F
Battery (for clock onfy) CR2032 lithium battery PT100 1000
Status Indicator Green LED: power status & LON TX Range: -40°C to 135°C; 40°F to 275°F
Orange LED: service & LON RX Accuracy. $1.0°C; £1.8°F
Communication Jack LOM audio jack mono 1/8" (3.5mm) Potenfiometer Translation table configurable on
Enclosure Input Resolution several points, Accuracy 20.5%
Material ABS type PA-TESA 16-hit analog [ digital converter
Colaor Blue casing & grey connectors Outputs
Dimensions overall S5.7x4 Tx2 07 (144 8x119.4x50.8mm) Quantity 10 universal (software configurable)
Shipping Weight 0.861bs (0.3%a) - 0-10vDC, digital 0-12VDC (ondoff)
Installation Direct din-rail mounting or wall mounting or PW
through mounting holes {ses figure above -PWM output: adustable period from
for hole positions) 2 seconds to 15 minutes
Electromagnetic Compatibility - BOmA max. @ 12vDC (60°C; 140°F)
CE -Emission EMNSS022 ;1998 elass B (conducted & - Maximum load 2000
radiated) - Auto-reset fuse
lmminity EN&1000-4-2: 1995, level 3 in air - 60maA @ B0°C; 140°F
ENG1000-4-2: 1935, level 2 by contact - 100mA @ 20°C; 68°F
ENG1000-4-3; 1998, level 2 Otput Resolution 10-hit digital / analog converter
ENS1000-4-4: 1995, level 2 Agency Approvals
EMNE1D00-4-5: 1995, level 2 UL Listed ULS1E Energy management equipment
ENY 50204 : 1995 level 2 {CDN & US)
FCC This device complies with FCC rules Material’ LILS4-54
part 15, subpart B, clags B

1. All materials and manufacturing processes comply with the directive on Waste Electrical and Electronic Equipment (WEEE).
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Distech Controls Software Plug-ins and Wizards

Software Preview

LNS Programming Plug-in® LNS Scheduler Plug-in® EC-Net™ Wim’%gﬁfc”e‘ SRS

——— axiied

T L T S TR T |

The EC-Program plug-in iz unigue in the This plug-in aflows you to easily configure  Launch the free programmable wizard
controls industry because it combines a a weekly-based schedule and a special  through EC-net™ 1o fully configure and
user-fiendly Graphical User Interface day schedule for holidays. Easily add and  pregram a confrolier. The wizard is unique in
(GUI) with the power and flexibility of a remove the special day event into the the controls industry because it combines a
code editor and compiler. Distech calendar by a simple click of the mouze! user-friendly Graphical User Interface [GUI)

Contrels’ EC-Program plugin uses a with the power and fiexibility of a code editor
unigue and simplified version of BASIC and compiler.

that has besn developed in-houss and Can alse be used with the Miagara
that is custom made to suit controls Framework, where the EC-Net Free
requirements. Programmable Shadow Object a_llows you to
* LMS Plug-ins can be used with anmy LOMN OR=3-based network management amd GUI tools, such add 5 ﬁ-ee pmrammame.dewce i s
as Distech Cortrols’ Lerwatcher or Londisplay. network for control and menitoring purposes.

Recommended Peripherals

Temperature Sensors

EC-SENSOR Room sensor
EC-SENSCR-LO Room sensor with LED and override push button
EC-SEN3SOR-SLO-CW  Rocom sensor with LED, override push button and setpoint adjustment {coolfwarmy)
r EC-SENSOR-SLO-C Room sensor with LED, override push button and seipoint adjustment (*C)
i EC-SENSOR-SLO-F Room sensor with LED, override push button and seipoint adjustment {°F)

{-’ i EC-SENSOR-AVG Averaging room sensor, no setpoint (Up to 3 in parallel)
i EC-SENSOR-AYG-LO  Averaging reom sensor with LED and override push bufion

Other Peripherals

OFKIT-RELAYUNDI 12VDC coil relay (Dry contact NO/NC 8A — 250VA single-pole coil. Consumption <
% 20mA) with din-rail mountable socket base

=il

Please contact salesi@distech-contrals.com for a complete list of avallable products and peripherals.

Product Warranty and Total Quality Commitment

The easyCONTROLS product line is built to meet rigorous quality standards and camies a two-year
warranty. Distech Controls is an [SO 9001 registered company. Distech Confrols' products provide both
the contractor and the end user with the flexibility of using “best-of-breed” products in system design.
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Appendix 3. Comparative overview of air-to-air ener

gy recovery technologies [9]

. Core
Supply Al | oo of Energy | Effectiveness | Pressure Cross Economizer .
Exhaust Air d K | Maintenance Issues
Relationship Recovere Range Drpp w/o Leakage Cycle
filters
Call Flexible Sensible 50 to 60% 4—_2( 0% Stop pumpCleanlng, valves, pumps, corrosion, filters, glycol
Loop replacement, controls.
'Iill);etg Close Sensible/Laten 50t080%| .1-1.8 0to 8% None Damper. Cleaning core r§ilte
5\7;22( Close Latent/Sensible 55t085%| .25-1.0 1t0 10 % Stop moto Cleaning, motor#ispseals, filters, controls.
Reverse : 0 o X
Flow Close Latent/Sensible 7510 95%| .25-1.02 1to3% Stop Damper  Damper, actuator.
Eﬁ)a; Close Sensible 45 to 65 % 4-20 0% Tilt Angle Cleaning, filters, tilt ctol.
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Appendix 4. Fuji Easy Logic Controller Specificatio ns [9]

cus ( €

Fuji Easy Logic Controller

LT T
-

S Bl e s =yl |
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The ELC incorporates a weekly time-setting function that allows you to configure
several control logic sequences based on time. Ideal for replacing control relays, timers
and counters. The ELC is programmed in Relay Ladder Logic using a Windows
programming software or directly on the front panel. These are just a few of the many
ELC applications:

SO0 B0 UBO GO GED VOO OEROE BRI ERED G ODD 0RO OO BRGSO D OO RO RO ROS BO DD S0 S

@ Opening/closing control of doors, gates and shutters @ Pump control for supplying and draining water

® Garbagef/waste disposer control @ lllumination control of streetlights, show windows and
signboards @ Temperature control in greenhouses and plant watering control @ Boiler control

@ Parking area monitoring @ Air ventilation system control @ Escalator control

@® Mixing and stirring control for various solvents @ Transfer conveyor and sorter control, etc.
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Drastically reduce the size of your control panel!

The ELC has an extremely compact size. The 10-point type is only ?ZX a0 Xﬁ?mm and
the 20-point type is only 126 ¥ 80 » 57mm in size. This compact size contributes to the
drastic reduction of control panel dimensions
* For example, if a control circuit
inciuding 3 timers and 4 power

relays are replaced with the ELC —> ;‘%

{10 points type), the mounting space 2 o

may be reduced by about 500! Al S T
* (Compared to Relays, Timers, Counters comblrsd)

Reduce hardware cost!

The ELC has an aftractive price to help your bottom fine.
FPlease contact Fuji Electric for mone detail.

For example
if a control circuit incduding 3 fimers and 4 power relays
are replaced with the ELC (10 points type), the cost will
be reduced by about Z0%:!

Reduce wiring time ?

When individual Relays, Timers and Counter are used the
wiring of each component becomes tedious. The ELC can
drastically reduce the wiring the because onky 1 component is
imvohved. Further more, if changes to the logic need to be
made these can be done in software orvia the front pansel.

The ELC cantlepmg.larmned Ffﬂdu‘:ﬁw
to save electricity. A ime The ELEC comes standard with
management function can be Relay Ladder fogic schemes
programmed to shutdown for confrol applications.
Fans, Lights, etc. o save The ELC can easiy cony
EnErgy. logic schemes by using the
optional memory pack.
T The cantrol lagic connections
L ‘take considerabéy fess time to
nmd&n:emﬁantadmmal
hard-wining.

106



| Digital input terminals |

Monitoring screen displays all operating conditions
The monitoring screen on the front of the ELC indicates to the
usar the total status of the ELC at a glanocs.

This screen dsplays the status of V0s, internal relays. tmers,
counters, the analog cument values and the dock time, as well
&5 a manitoring screen of the contmol logic operation.

Contros logic is easily configured in kadder diagram format with soffware
Control logic wiring in the ELC is implemented with
sofiware in 3 ladder diagram format that is developed from
& traditional relay schematic diagram. The user only needs
to program the ELC in Relay Ladder Logic.

Large power ouiput relays mmﬂummiﬂhmw
The ELC includes large power output relays with a per
paint switching capacity of 104 at 280V AC, or B4 at 30V
Dz, These cutput relays can be directly connected to
flumination lamps and vahses for control.

Schedule management is achieved by using clock function
The ELCs equipped with RTC aliow the user to program a
daify or weekly control schedule without expensive time
management system. Also, the ELC incorporates day light
savings tims.

2 channet analog inpufs are standard (D 24V, wih RTC)

The ELC mesequppedwrth 2 channel anahg inputs
standard. Simple controd of anzlog applications, such as
temperature, speed, and voltage can be achiewsed without
any optional analog device.

Password feature is provided for security

The ELC contains a password featurs for preventing
unexpected modification of software with switch operation.

Power supply terminals Analog input terminals
Power supply termminais for 1008 | & ‘-""Q’!—I—MMMEVDCRTGM;
2000 AC and 24V DC. I.:GH"I el 8 R (T A { standard with analog inputs.
Meonitoring screen ODETEIiON SCDES
Sereen displays logic diagram and | |writng logc and setting timers and
manitoring operating condtions. . i PR
T il ‘
<Mt Interface port

An interface port i provided for
Digital outpaut terminals ralpil umw:m connection o a loader or to attach
Poweer relays with lange capacity of By a memory pack.
104 are provided onboard.

Special mounting hardware is not required
The ELC can be mounted with screws on sliding type
mounting holes as well as DM rails without using any

special mounting clamps.

Maintenance-free EEPROM is used

Since software information is stored intc an EEPROM that
does not require battery backup, the ELC is maintenance
frea.

Complies with CE marking and UL/CUL standards
The ELG is widely applicable throughout the world, with
waricus global standands such as CE marking and UL

Software data saving with loader and simulation via personal
computer can be done

Software data can be saved by using the loader sofware
program. The data will help the user to standardize wiring
diagrams. Alsa, the configured logic can be simulated in a
personal compliter, T ——
and therefore [ il .

performance of the
lagic scheme inthe
ELC can be verified
prior to installation,

107



W Specifications

WSeneral specifications

ME2F10R-140 |N(IE2{H—14EI

WP RO [NooeatRan

HozFOR-O HOZPOR-OC

Fower supply voltage | 20.4 to 28.8V DC 25 to 264V AC Prograning language | Ladder, function brock
Fower consumption | 2W |3W A | TR Program memony capactly | 240steps (4elements x Bllines }
Cusput cument Max_ 10A Backup Built-in EEPROM, memery pack option
Electrostatic discharge| IECE01-2 Severity3 Input relay 12points {11 to C)

Contact discharge £4k\ aerial dischargs £8kV Qutput relay Bpoints {Q1 o008
Radivelecomagnetic feld | [EGE01-3 10Wm Puniiary relay 15paints (M1 to MF)
Operating ambient | IECS01-4 Severity3 2KV RTC relay Spoints (R1 1o RE)
temparshire 0o 55°C Counter 15points (C1 to C8)
Relative humnidity 20 1o 20%RH no condensation Tirmer dpoints (T1 10 TF}
Vibration [ECBS-2-8  ©.8mis’ Andicg comparson Apoints (G1 o G4)
Shock IECBA227 147Tmist Analog nput % [ 2hannel (A1 1 AZ} onty i DG
Construction P20 RTC % =]

@0 specifications

NEIF 1R 1 O MROF20R- 140

NQIP10R-520 [NGZFZIR-5I0

B Dimensions jmm}

ga5

e A

Mo of input points  |forss | Unntsions") Bpents | 12poinis T
Rated vollage DOio28.8VDC 0 to 265V AC ok i
Rated cument mAZ4Y D5mAM IO | ImAMIOV g
ImAZEN | 2mAZIOV i
3 |Operating voltage  |OM:15t0 28.8Y ON:TE o 265V
= OFF:0 to B OFF:0 to 408
Delay time CFF-+0MN:3ms CHFF O S0ms
OM-+0FF:5ms Oh—+0OFF:50ms
Analog voltags" Oto 10V DC =
Resclution:Bbiis
gmdautpu‘tpoims dpomts  [poins ponis. | Spoinis
£ [Losd cument 10A260W AC or BAS3OW D =
“Analog input: onty for NQZP10R-14C, NQ2ZF20R-14C
"MNQIPI0R-14C
B Products
ltem Ordering code Specifiction
{Froduct code)
TimeRy Power MNO2ZP10R-14 24V DO power supply, input Bpoints, output 4points Ry104A, no dock function
NOZP10R-14C 24V DC power supply, input Spoints, output 4points Ry104, clock function, analog Zehanne!
NO2P10DR-52 100 to 240V AC power supply. input Spaints, output 4paints Ry 104, no clock function
NEGZP10R-62C 100 to 240V AC power supphy, input Spoints, cutput 4paints Ry 104, clock fumction
MNOZPZOR-14 24V DT power supply. input 12peints, output Spoints Ry10A. no clock function
NAZPZOR-14C 24V DC power supply. input 10points, output Bpoints Ry 104, deck function, analeg 2channel
MQZPZOR-52 100 1o 240V AC power supply. input 12points, cutput Bpoints Ry 104 no clock function
MOZP2DR-52C 100 1o 2400 AC power supply. input 12points, cutput Bpoints Ry 104, clock function
Loader software NO4H-SE Parsonal computer loader saftware (with connection cable)
Memory pack MNOEP-MP For program saving and transfeming

A\ Safety Considerations

®For safe operation, before using the product read the instruction manual or user manuai that comes withthe
product carefully or consult the Fuji sales representative from which you purchased the product.

@3ome of the products listed in this catalcg may have limits on their use or location or may require periodic
inspections. Call Fuji's sales representative for further information.
@For safe operation, wiring should be conducted only by qualified engineers who have sufficient technical
knowiedge about electrical work or winng.

Sdgpearance and specificalions are subject fo change without prior notice Tor the parpese of product mprovement

Fuji Electric Corp. of America

Park 80 West Plaza Il
Saddie Brook, NJ 7663, U.5.A

Phone:  (201) 7120555
Fax: (201) J65-B258
URL: http-/fawew fujielectric.com

Fuji Electri

c Co., Ltd.

ED & C « Drive Systems Company
Gate City Chsaki, East Tower

11-2, Osaki 1-chome,
+81-3-5435-7135~8
+81-3-5435-7456~9
nttp:fiwww. fujielectric.co jpledef

Phone:
Fax:
URL:
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Meaning of acromyms:
DB: Dry bulb temperanirs, °C'

Appendix 5. Climate Design Conditions - Bogotéa, Co

WB: Wer bulb temperamrs, °C
MCWEB: Mean coincident wet bulb temperanre, °C

Lat- Latituds, *
DP: Dew point temperature, °C'

lombia [12]

Long: Longituds, ®
HRE- Hhumidity ratio, g of moisture per kg of dry air

MCDEB: Mean coincident dry bulb temperanms, °C

Elegv: Elavation, m
W5: Wind spesd, ms

HDD emd CDD 18.3; Amnual heating and cooling degres-days, base 18.3°C, “C-day

CARTAGENARAFAEL NU
RIONEGRO/T M .CORDOV

10.B8N 74.78W
470N 7413W
355N TeIEW
1045N 75.52W
613N T543W

30
2546
969
12
paty

Heating DB Cooling DEMCWE Evaporation WB/MCDB Dehumidification DEHR/MCDB Extreme Heat./Coal.

04% [ 1% 205 4% [ 1% 0.4% I 1% Annual WS DegreeDays
99.6% | 99% |DB/MCWE |DB/MCWE|DBE/MCWE |WB/MCDE|WEB/MCDE| DP/HR/MCDE | DF/HR/MCDB | 1% | 5% [5% | HDD/CDD 183

i 3 zites, 0 mora on CD-ROM

228 230 | 341 271 332 269 329 268|286 313 281 309|280 243 299 272 231 293 (132 109 99| O 3609
28 41 (212 136 208 135 201 134|154 190 150 185|142 138 170 138 135 167 | 84 70 61| 172 0
177 180 | 321 221 312 220 308 220|235 295 229 294|218 185 268 211 177 260 | 84 65 55| O 2139
230 238|323 271 321 270 318 269 | 281 310 277 306|272 230 302 269 227 01|92 T8 65| O 3533
100 109 | 238 158 32 157 230 156|176 213 171 210 162 151 1B5 161 149 182 | 91 76 59| 412 3
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