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Preface 

This design is made for the course Conceptual Process Design (ST493) at the 
subfaculty of chemical engineering, Technical University Delft, by 4 engineering 
students in the later stage of their studies. The findings of a 12 week team effort 
resulted in this design of an EOIMEG manufacturing plant, as presented in this 
document. 

This design was made for, and under the guidance of, Stork Engineering and 
Contracting. Stork E&C gave us a much appreciated trial run on the work of an 
engineer in his own environment. 
During this design we learned a lot about the way designing is done in the real world of 
engmeers. 
During the struggles of our team it became clear that design should be based both on 
technology and emotion, as weIl as basic engineering insight. - - - - -
We wish to thank our supervisors Ir. C.l van Tiggelen and Ir. lA. Langerak for ~heir 
effort in coaching during this design, as weIl as Stork Engineering and Contractors for 
the provided facilities. Thanks are also due to Ir. c.P. Luteijn for placing us with 
Stork. 

For the artist's impression ofa chemical factory on the cover page, we wish to thank 
P. Roeland. 

Besides this extensive document, a CD-Rom containing all electronic information, such 
as Aspen simulations, Excel and Mathcad calculations, and Word documents is 
available. 

Delft, December 1999 

Notice 

This document shall not be reproduced, copied, loaned or disposed of directly or indirectly nor used 
for any purpose otIter than that for which it is specifically furnished without prior written consent of 
Stork Engineering and Con tractors. 
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Summary 

This conceptual design covers a design ofa typical u.s. GulfCoast plant for the 
production of200,000 tja fiber grade MEG and 100,000 tja sales specification EO. 
The on st re am factor ofthis plant is 91 % (8000 h per year). The global capacity for 
ethylene oxide (EO, or oxirane) currently stands at ab<;>ut 14.5 Mt/a, ofwhich 2.5 Mtla Cj 
in Western Europe; and 5.2 a in North America. The plant design (equivalent with ( 
an EO capacity f200,009 t(~) smiddie c1ass ifl .size. The major ' players' on this '" 
market are Scien . IC Design ell, Nippon Shokubai and Dow. The EO and MEG 
demand is expected to grow to and past 2005 . 

A process is chosen in which ethylene is converted to ethylene oxide (EO), which is 
further used for the production of monoethylene glycol (MEG) by hydrolysis of the 
intermediate ethyl ene c~rbonate . An integrated scheme of a Shell based EO design and 
a Mitsubishi based MEG design is selected as the most econo'irucally ·viable design. A 
process based"on carbonate route technology has been carriedot~:: on a min!'plant 
scale .~-e. (S~ .. ~ ~ --Û..~ ~-f -' a.-~ . 

.. ~ if oir E O 

Most advantageous ofusing a carbonate rqute design (producing ~G via the ->~f 
intermediate ethyl ene carbo~ate) is a much higher selec~ivity (99%) to MEG~pared 
with conventional hydrolysis rou$es (approximately 80 % selectivity) and the absence ,1. ? 

n ofevaporating large amounts of water (in a multi effect evaporator). ------'j) ~t....::.i ~ ~ 
( ~ -'~.,,~ hl' ~~~ ... &. . 

v:: . ~h fixed capi~al c lculat~d is 138 million ySD. I~ compari~on t~. ot~er EO faciliti~~ as ~1. ~ 
leid 0 Itcens lenfific DesIgn the fixed capltal requlred by thl.s desIgn IS l0:-ver. The ~ 
~ _ annual raw material costs are ~. Annual utility costs are 12 mi~ 

~. Total ~nnual production costs sum up to 175 million USD. Income from the 
sales of EO and MEG products are 246 million USDy:nnua ly This results in a 
payback time of2.5 years, a sound economical planr Stability analysis shows that 
possible fluctuations in prices and production do no~~ha1 influence on the 
economie prospects of this de'sign. 

! 

1tt 
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1. Introduction 

This document presents the conceptual design of a plant for the production of 200,000 t/a 
fiber-grade monoethylene glycol (MEG) and 100,000 t/a direct sales specification 
ethyl ene oxide (EO). The principals are Stork Engineering and Contracting, and the 
subfaculty ofChemical Engineering, University of Technology, Delft. 

The glo?al capacity ~or ethyl ene oxide (EO, or oxiran~) currently sta~dr~out 14.5 
Mt/a, wlth 2.5 Mtla In Western Europe, and 5.2 Mtla In North AmencO The balance 
is accounted for large1y by the Middle East and Asia. Globally, the demand for EO is 
growing strongly, due to increased dema~d for polye~ters . . Mono ethylen~ glycol (MEG, 
of 1,2-ethanediol) accounts for more than 70%1 Qfthe EO d~mand (split evenly between 
anti-freeze grade and fiber-grade), aIthough in Europe the trend is towards higher value 
EO derivatives. EO is also used as fumigant and as a steriliziryg agent for medical 
equipment, as well as feedstock for xylate pr ducts. MEG is polymerized to 
polyesters and PET, ançl applied as freeze protecti n in cars, aints, and airport runways. 
~? ,- t?-r 

The total mark et for l\1EG has grown from 6.2 Mt/a in 1990 to 10.1 Mt/a i1)1998. ~ 
growth in EO and MEG demand is expectt::d to continue up to and past the year 200 ~ef. 
1,2 . , 

\:i The essentially single-train design described in this document has an equivalent capacity 
f of200,000 t/a EO, making it a middle-c1ass plant as far as 'size is concerned. Table' 1.1 

Z 
reflects the 'current situation in North America for EO plants, compiled and updatecl from 
a number of sources. L ~t1 ' . . 

:""'? The aim ofthis design is to produce 100,000 t/a sales specification EO and 200,000 t/a 
~ fiber-grade MEG, at the highest economically feasible se1ectivity's. Details ofthe 

product streams are given in chapter 3, basis of design. 70% of the operational costs of 
existing plants consist of ethyl ene feed. Therefore, a higher selectivity has a significant 
influence on total costs. 

The production of MEG historically is accompanied by a substantial production of 
diethylene glycol (DEG), as well as higher glycols, and high energy consumption. It is 
the aim ofthis design to produce as, little DEO; and other bY-l2roducts as possible with a 

- -
low energy consumption artekarbon dioxide production. 
, ~~ ' 

The design is based on a combination and integration of a She1l1CRI Eg plant and a 
MEG process as paten~ed by' Mitsub~. The EO plant is rather conventional, but the 
MEG process has not been a lied in indust yet. Under the parameters ofthis project, 
this combination makes the most attractive design. 

The EO production section consists of a multi-tube, water-cooled, plug-flow reactor, 
filled~th a silver-based catalyst, over which approximate1y 1.9% conversion and ~ 
se1ectivity is achieved. Thi ns 14% ofthe ethyl ene is combusted to CO2 and H20 . 
EO is sc;:Ubbed by a ME IEC sorbent stream, which is split 50150 for EO recovery 
(section 400) and MEG pro , uction (section 300). MEG production is a two-step 
process, the first a carbona ~on reaction, the second a hydrolysis reaction. Approximately 
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90% of the eftlue~arbonate reactor is recycled as absorbent. The remaining 10%, 
containing ethyl ene carbonate (EC) and MEG, is c<?nverted to 100% MEG in two 
kydrolysis reacto~s place,d in series. Carbon dioxide that is liberat,ed in this process is also 
recycled. Since littIe water is use~ in the process, the conventional multi-effect ' 
evaporators are unnecessary, and one~ suffices. Fiber grade MEG iSJfie product. 
Part of the unpurified MEG is recyclëël1ö'1Jle absorbent to presetye its -1 : 1 MEG to EÇ 
ratio. ' '. -' . ",' 

The design differs from conventional design in th at the use ofECIMEG as absorbent 
instead of water substantially red~ces productIon of u~esi!..e9 ~rder S!bylene 
glycols and th~ elimination ofthe muIti-effect eva orators. ~ . 
-""-- -
Table 1.1 North American EO ,l?roducers, capacities, Ilroccss typcs, and tcchnology, for E.Q in 
199iref3,pg942; I). -

Producer Location Capacity, Process Technology 
103 tja oxidant 

BASFI Geismar, La. 285 t> oxygen Shell 
Dow Plaquemine, La. 270 oxygen Dow 
Dow AJberta, Canada 285 oxygen Dow 
Eastman Longview, Tex. 103 0 oxygen Shell 
Formosa Plastic Cor~2 Point Comfort, Tex. 240 oxygen unknown 
Hoechst -Celanese Clear Lake, Tex. 320 0 oxygen Shell 
Huntsman Port Neches, Tex. 5354 unknown unknowri 
Idesa5 Morelos, Mexico 160 unknown unknown 
ülin Brandenburg, Ky. 50 0 oxygen shèll 
üxy Petrochemicals Bayport, Tex. 250 6 oxygen Shell 
PD Glycols Beaumont, Tex. 3204 oxygen Scientific Design 
Pernex Mexico 328 unknown unknown 
Quantum Morris, 111. 113 oxygen Scientific Design 
Shell ~"";,."." . .., La 

::>"~ou,,""""-> . 5544 
.) ~f\1I oxygen Shell 

Shell Canada3 ( Scotford,):::anada 350 'I [ unknown unkown 
Sun Refining e-hrylllui'á, Del. 1004 

0 oxygen Shell 
Texaco Port Neches, Tex. 332 oxygen Scientific Design 
Tuntex5 AJtamira, Mexico 400· unknown unkriown 
Union Carbide Seadrift, Tex. 349 aIr Union Carbide 
Union Carbide Taft, La. 368 air,oxygen Union Carbide 
Union Carbide Prentiss, Canada ,..!8.D~ unknown unknown 

·Ä Total ( 6192 \ 

I. Being upgraded to\-420 tja, ready in 200~ / 
2. Being upgraded to -270 tja, ready in 2001 '\ 
3. Joint venture with Mitsubishi Corp., due on st re am mid-2000 
4. multiple plants. ~"cr ::: i'~'2 (ec>,~ ~ J :=,,> ~r:(:s-s. p]anned, post 2002. 

~~ (sx)-/ L'319 ~ . c;;-Gu 1'< -)n% 
)r;W z )( _"'/CO~ 

~ C) >"1:::> S)( -? ~·rrc; 
3i% ' 0 ~ f~ U<!. 2>< -') 10% 

g~ ç,~ ~~7->c. -~h -'") qev~ ( 

* .J.; el )C.. ... 1t!JO Y. 
"' /S~ 

2 

+ 

+ 

+ 
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2. Process Options and Selection 

This chapter describes the selection of an ethylene oxide production process, the selection 
ofa monoethylene glycol process, and the final combination of these two. Some 
historical background and chemical issues of each ofthe processes is also presented. 

2.1. Ethylene Oxide Process 

Ethylene oxide has been commercially produced by two basic routes: theoethylene 
~hlorohydrin process and Qirect oxidation (DOEO). Other, commercially not viabie, 
processes inc1ude: the arsen· c-catal zed li uid oase rocess, the th~zed 
epoxidation process, the Lum~e process, the liq~e epoxidatiçm with 
hydroperoxides, the electrochemical process, the cyclic direct oxidation process, the 
tl~bed direct oxidation pro'ë"ess, cilld biolo~~"9J'9:970. None of these 
processes have passed the pilot-plant phase. 

The chlorohydrin procyss (first employed by ~ASF in Germany during World War I) is 
based on the production of ethylene oxide from ethylene chlorohydrin by 
4ehydrochlorination using either sodium or calcium hydroxide. Calcium chloride, ~ Of-( . 
dichloroethane, bis-(2-chloroethytf-êther, and a"Cctäïëièhyde are also produced. The 
chlorohydrin process, although it appea~s simpier, is no longer commercially operated, 
largely due to higher capital costs and major environmental problems. 

The djrect oxidation (air-based first by Union Carbide-Co."l.2û. oxygen-based first by 
Shell Oil Co., ~8) of ethylene proceeds by the following reactions: 

H2C-CH2 
H2C=CH2 + 1/2 O2 .. \/ -106.7 kJ/mol 

0 

H2C=CH2 + 3 O2 .. 2 CO2 + 2 H20 -1323 kJ/Il1~ 
6A 

The first reaction results in the desired ethylene oxide, the second is the complete 
oxidation of et~ylen,-and is undesir~ble. The reactions re catalyzed by a silver on 
alpha-alumina catalyst (see appendix 5 for a compariso , between various catalysts). The 
lifetime of such a catalyst is approximate1y three ears ith an average selectivity of 86%. 
Small amounts of reaction modifie~s/promoters, such methyl. chloride, are also used - this 
enhances catalyst life and reduces the chance of hotspots. The large amount of heat . 
produced, combiried with asolid cata,lyst, would make a tluidized bed reactor appear to 
be the best choice, due to its capability for heat transfer. However, abrasion of the 
catalyst reaches unacceptable levels in tluidized beds. Therefore, only fixed-bed, multi­
tubular reactors áre employed in commercial processes. 
qxygen may be supplied either as air,. or as a pure.feèd. Ai.JJ;2a.sed plants, eliminating the 
need for an air-purifiçation plant, are presently economically feasible for a maximum 
production of -25,000 t/a EO ref4. Larger plants usually employ the oxygen based direct 
oxidation pr~cess, and ,air based plants are no longer built. 

The conventional .direct oxidation processes all employ water as absorben~ for the 
recovery of ethyl ene oxide. There are, however, two drawbacks to using water. One 

3 
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problem is the by-production of (poly) ethylene glycols at the time of recovery. 
as 3-15% of all ethylene oxide can be lost. - The ethylene glycol thus produced i difficult 
to purify to fiber-grade standard due to the Ngh all!.9un!§.. of êldehyd~~ ~nd 2.~anic ~s 
contained in this stream. This ethylene glycol, ho wever, can be sold at anti-freeze grade. 
The second major drawback is the energy loss. A large amount of water is employed as 
absorbent. . Th~ absorption of ethyl ene oxide preferably proceeds at a relati\;'ely low 
temperature (5-40 °C), while the stripping step requires higher temperatures such as 85 - --t~C. It is difficuIt to recover the large amount of energy from this water 
economically ref. 5. The use of alkyl carbonates as absorbent is an attra~tive alternative; 
however, the absorption of water, as weil as higher perceQtagçs ofe~d, 

makes its use in~ng s"oIe1y EO more difficult and uneconomic. 
, . 

Major licensors for the EO oxygen process are Scie~~Design, S~I, and NiE,E2n 
Shokubai ref.3, pg 924. Over 70% of present world capacity is based on their processes. 
Union Carbide Corp. and Dow Chemic~l, now merged, use their own processes ref. 3:..pg 939-

940 . Dow does not license its technology. About .9.4% ofU.,S. EO capacity is located on 
the Gulf Coast, near secure and plentiful ethyl ene supplies. . 

c::::= . 

These processes are all very similar (silver based catalyst, multi-tubular reactor, water­
based absorption), with only minor variations in heat integration and reactor design. 
However, catalyst enhancem . t--b means 0 0 in is a very active art, with numerous 
new designs being patente (see appendix 5 ti ra comparison between different EO 
catalysts). . 
Based on such commercial ~actors ~s the number of plants already built/licensed, number 
ofplants currently under construction/plqnned, catalyst quality (selectivity, .activity, 
lifetime, costs), ano reaçtor design, a ShelllCRI design has been selected as the EO 
process for our conceptual design. She1VCRI are the market leaders in licensed EO 
plants. This c~oi~e ~~>as a ~racti~al nature - many of the figures k~own 'to us apply to 
the Shell/CRI deslg~ Let It agam be stressed that at the current ttme, based o,n the 
available literature, little variation between, direct oxidation oxygen-based EO designs can 
be found. . \ 

2.2. Monoethylene Glycol Process / 

Globally, some 70% of EO is convertéd to ethyl ene glycols ref. 1. Currently the preferred 
method of ethylene glycol production .is uncatalyzed thermal hydrol~sis of ethylene oxide. 
Ethylene oxide absorbed in water is heated to c~* 200°C, whereby the ethyl ene oxide is 
converted ioto ethylene glycol. Polyethylene glycols are also produced, but with lower 
yields. The yields of polyethylene glycols can be minimized if an exéess of water is used; 
a 20 foldmolar excess is usually employed. In practice almost 90% ofthe ethylene oxide 
can be converted to m noethylene glycol, the remaining 10% reacts to form higher 
monologues ref. 7, pg \05) . 

4 
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~OH 
HO 

~ /OH 
HO"""'" ~ -93.1 kJ/mol 

17~-~ 

n=I ,2,3 .. . 
DEG formation : -1.89 kj/mol 

After leaving the reactor, the product mixture is purified by passing it through successive 
distillation columns with decreasing pressures. During this process, the large amounts of 
water added to enhance selectivity must be evaporated in multi-effect evaporators. 
A literature study of the monoethylene glycol process' resulted in two alternatives for the 
conventional process: a c,gtalytic proce~s and a carbonate prà~ess. ' 

A lot of research is done on a catalytic hydrolysis process in order to optimize selectivity, 
since higher selectivity for ethylene oxide hydrolysis automatically reduces the excess of 
water required , The higher selectivity could however not be maintained for prolonged 
periods of time, Furthermore, the catalyst needs to be separated and fed back into the 
reactor in case of heterogeneolJs catalysis or replaced in case of hOIJ1ogen~ous catalysis. 

In the carbonate route process ethyl ene glycol is produced from ethyl ene <?xide (eqn 2.5), 
with ethyl ene carbonate as an int~rmediate . The ethyl ene oxide is convertèd with carbon 

r ~d.e to ethy~ene carbonate. This. is subjec,ted 1.0 hydroly.sis.to. produce ethylen,e glycoL 
~ot~ reactIOn steps are catalytlc. An anIon-exchange reSIn In the halogen form can be 

used for this purpose. Disclosed as being especially suitable is a c.l!!.oride [9rm anion 
exchange resin such as DOWEX MSA-l, which is an anion-exchange resin containing 
benzyl-trimeth I ammonium rou sas electropositive centers rer. 8. A typicallifetime of 
such a catalyst is approximately one year. Also homogeneous càtalysts, quaternary 
ammonium salts, éan be applieèi but because of separation problems heterogeneous 
catalysis has practical advantages. 

+ -60.8 kj/mol 

+ 
________ .~ ~ /OH 

HO"""'" ~ 
+ -32 .2 kj/mol 

The two most important selection criteria for the MEG part of the design are selectivity 
and the }j201EO ratio used for hydrolysis. The selectivity is important becaûse the ' 
ethyl ene' oxidè efficie~cy and thus the ,ethylene effi~iency (ethylene éosts are a major part 
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ofthe OPEX) is an important economie factor, as wel! as an environmental issue. The 
H20/EO ratio is important because of the large effect it has on the energy requirements of 
the separati0n section (separation of water and ethylene glycol with a multi effect 
evaporator). ' c+ ' 
The carbonate route process reaches a .çonversion of ar) 100% and a s~lectivitx Q( 
.99% or higher, only diethylene glycol (selectivity Ie than 1%) is produced. The H20IE<? 
ratio is much lower than the other two considered r_ocesses, only a one to two-fold -1 -2-
molar excess is added, as compared to a 20-fo41 xcess for the conventional ihermal , , 

process and a 5 to 10-fold excess for the catal ie one step hygrolysis. Therefore much 
less energy is needed in the MEG purificatio_n this p~ocess . Af comparison between the 
options is shown in table 2.1. The carbonate route process scores best on thes~ two 
topics and should therefore be considered the process to be used for the further design. 
The process is patented by Mitsubi_shi ref. 8. One (major) drawback oft~is process, 
however, is the fact that it has not been implemented in the industry yet. The process has 
been 'carried out, with success, on a mini-plant scale ref. 8. 

Tahle 2.1 
Process H20: EO 

molar ratio 
Conventional Thennal nearly 100% 88% 20 

Comment: 

Conventional catalytic l nearly 100% 98% 10 
Comment: 

Carbonate route process nearly 100% 99% 1.2 
Comment: 

Notes: 
1. catalyst dependant. Best found values are given here. 
2. Single pass conversion 

Abbreviations: 
EO: Ethylene oxide 
EC: Ethylene carbonate 

MEG: Monoethylene glycol 
DEG: Diethylene glycol 
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TEG: Triethylene glycol 
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2.3. Process Concept Selection 

Choosing a licensor's complete design - for example, an integrated Shell/CRI EOIMEG 
facility - may seem like the best route to follow. After all, companies such as Shell/CRI, 
Scientific Design, and Mitsubishi have each been involved in building tens of EO, MEG, 
or integrated EO/MEG plants, and therefore have a wealth of experience in designing, 
building, startup, and operation of such plants, and they can guarantee the workability of 
a plant. This makes the licensing of such a design very attractive to potential customers. 
The conceptual process design, however, is theoretically not hindered by the constraints 
of 'proven design' . This is not to say that the value of 'proven technology' is ignored, 
only that our design is not required to be a complete license from one licensor. 
Furthermore, the guidelines as laid out in the basis of design (chapter 3) must be 
followed . On the other hand, a design concept must be realistic and commercially viabie. 
Therefore, a balance must be found between state ofthe art technology, novel 
technology, proven design/technology, and commercial interests. 
Our selection process, based on different variations êl combina . 
reactor and a Mitsubishi MEG design, is illustrated n figure 2.1. {)J 

Scheme 1 reflects the most conservative design. A comp e e eli/CRI ethyl ene oxide 
CJ p~ocess, with water as absorbent, is followed by a complete Mitsubishi process. This 

_ - ( involves splitting ofthe pure EO stream leaving the Shell/CRI plant in LL2 for sales and 
_ 1/2 for MEG production. Naturally, extensive heat integration between the two a ~ processes is possible in this design. ~ . -
11 ~ ~ However, the Mitsubis~~~~ed on the unrefined reactqr effiuel)t of an EO 

___ process. The absorbi~nd stripping of EO in the Shell prbcess is thus followed by 

11 e.e therefore redund~nt, altho~gh this .does have the advantage that catalyst poll~tion, if it is 

1E 
reabsorbtion in the MEG plant, albeit in a different absorbent. The absorptio'n is 

t'lt.-< ... ./~L factor, .can be reduced. The unwanted pr()duction oflow quality' ethylen~ glycols due ~ 1 ~ 
_ (~O to the use ofwater ~s a~~~rb~nt is not avoided in this. scheme. The HaIcon C?mpany has ~ 

o patented such a desIgn '. How ~,several mt elegant schemes are posslbl~. . "A F t( 

11 

11 

11 

11 

11 

11 

11 

""" - -- - ~ ~ -A'e.~. f 
Scheme 2 involves splitting the 0 reactor effiuent gas into approximately 1/2 for EO \I 
production and 1/2 for MEG pro uction. The EO production train is ~standard' . 
ShelIlCRI design, and the MEG roduction is standard Mitsubishi design. Ho wever, this 
design contains 2 recycles to t EO reactor, since 2 absorbers, with 2 different 
absorbents, are now operátin arallel. This makes control of the reactor feèd, critical 
because of explosive and flammability darigers, very difficult. 
Again, the use of water as a~ abs()rbent has the' disadvantag~ th at low quality ethylene 
glycols are produced, ~ut a ~p!~t~fthis ~c~.eme involying p.ropylene carbonate in the 
Shell/CRI EO absorptlOn tral~is' a possl~J!lty. Propylene carbonate may ~e better 
suited for the requirements than an ECIMEG I)li~ture, bui it can~ot be_ used as feed to the 
MEG plant - the separatjon of propylene carbonate and ethyl ene carbonate would be 
necessary. Besides, feeding pro'prlene~arbonate into an ethyl~ne carbonate production 
unit, or ~ntroducin~ it solely as ~bsorbe.nt fo~ an EO section, is not very I~gical. <; ~ 
AbsorptlOn of EO In ECIMEG IS descnbed In a patent to the Dow Chemlcal C~ 

. " 

The third scheme is the most preferabie. In this design, the whole effiuent ofthe 
ShelIlCRI EO reactor is fed directly to the Mitsubishi absorber, as intended in the 

7 
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Mitsubishi design. The top stream of the absorber is recycled to the EO reactor, the 
bottom stream is split into a feed for the MEG process, and a st re am which is stripped 
and processed to sales s ecification ethyl ene oxide. One absorber, with ECIMEG 
absorbent, is used a basis or both trains. The use of solely EC as absorbent is also 
described in patent ref 10, ut the major drawback ofthis is the high meIting point ofEC. 
By using a mixture 0 C and MEG this problem is avoided. A 1/1 mass based mixture at 
standard pressure is stillliquid ref 8. 

The heating and cooling of the large amounts of water as in the c1assical processes is not 
necessary in this design - much less absorbent, with a lower heat capacity (water: 4.18 J/g 
K, MEGIEC: 2.01 J/g K) so that less heat per unit is required, may bè used. This de'sign 
also eliminates a high-co_ntent ethyI.ene qxide str.~am, the feed to the MEq- plant, which is 
very ~to proces~ safety. Further!l:l0re, equipment costs are lower, since only 
gne absorber is required. The production of anti-freeze grade MEG is eliminated, vs. a 
substantial loss in the ather schemes. . 
Scheme 3 takes ful(advantage of the experience of ShelVCRI in the EO design and the 
advantages ofthe Mitsubishi MEG design, while minimizing costs and wastes, enhancing 
operational safety, and maximizing reliability. 

In table 2.2 a comparison ofthe different process schemes is presented. This takes into 
account that the EO part is based on ShelVCRI design and the MEG part is based on 
Mitsubishi design. 

Til 22C llle ompanson 0 f f ~rocess op lons 
Process Complete High High Low Little ·Low 

license Energy Seleêtivity Capital anti-freeze absorbent 
benefits efficiency cost MEG amounts 

Scheme 1 ++ - - - -- -
Scheme 2 ~ - + + - + 

Scheme 3 /' 
/ - ) ++ ++ ++. ++. ++. 

l~ 

-

8 
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R 
1 loop gas I 

, ., 17 

--
Shell EO Reactor 

Shell EO Mitsubishi MEG 

tJ?!~~ Process MEG 

I~' 
EO ED_ I - "..., 11 
Scheme 1, Shell & Mitsubishi in series 

loop gas 

I 
Shell EO 

EO • 
,-. Abs orber/s tri pper/ 

purification Anti-freeze grade MEG 
(H20 or PC) • 

---+ Shell EO Reactor f--

Mitsubishi MEG fibre-grade MEG 
~ 

Process 11 

loop gas I 
Scheme 2, Shell & Mitsubishi parallel 

absorbent 

loop gas 

,. Stripper/ EO 
purification 

-.. 

--+ Shell EO Reactor 
Mitsubishi 

I---
Absorber 

I--

11 

11 
Mitsubishi MEG fibre-grade MEG 

4 
Process 

- .. 

absorbent I 

Scheme 3, Shell & Mitsubishi integrated 

Figure 2.1, Proccss selection 
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3. Basis of Design 

The capacity ofthe plant is based on a production of200,000 t/a offiber-grade"MEG and 
100,000 tJa of sales specification EO. The plant is baseQ on a typical U.S . GulfCoast 
location. The duration of operation per year is set at 8000 hours/year. These design 
demands are set by Stork E&C. S? "" ~ • f'~../ ") 

.~- ,~e...-..-~ 8Z--~ , 

The process is to be based on the best available technology. EO production must be 
based on direct oxidation with oxygen over a multi-tubular catalytic reactor, and 
integrated with a"MEG plant based on the hydrolysis of EO. Deliverables include a utility 
summary, PFD',s with heat and material balances, equipment lisEta~a sheets of main 
equipment. An Aspen model and cost price calculations are als desired. hazard- and 
fire an~ explosion analy~is is also included. Product specificatio are i e uded in tabIe ' 

3.1 t1-<.~~~ . 

Appendix 1 shows a simplified scheme ofthe plant. This scheme defines what's inside the 
battery limit. All in- and outgoing streams pass the battery·limit. The feed s~ock(ethylene, 
oxygen, methane, v.:ater) and utilities (HP steam, cooling and chilled water) are provided 
by a pipeline from OSBL. The entering water is demin~ralized, which assumes a 
demineralization u;it outside the battery limit. A chilled water and cooling water ~acility 
is also assumed to be available OSB_L. The treatment of purge streams is consi?ered 
out~ide the battery limit as weIl as the treatment and storage ofthe products for further 
transpo~ation . 

The carbon dioxide removal is not considered in this design, and has been inclu~ed as a 
black box in all PFD's, named C102. 

Tahle 3.1 Product and feedstock Sllccifications /~ 
Components Temperature Pressure Quantity State ~& Prices 

°C bar tJa (VIL/S) US$/t 

Feedstock 
Ethylene Ambient 25 193,198 V pipeline OSBL \ 520 
Oxygen Ambient 25 184,584 V pipeline OSBL 50 

Products n IVl 
EO Ambient ...2-----... j- 103,808 L -- 'V 1,080 
MEG Ambient / 1 ./ .• 205,328 L -- V! 650 

B~'-Jlrodllcts 
...... --- I ... 

DEG Ambient -- 1.332 L -- v I 551 
CO2 Ambient -- 75,24& V -- I --

Othcr Chemicals 
Methane Ambient 25 11,592 V pipeline OSBL / 120 
Water Ambient 5 65, 143 L unit OSBL / -2.5 

Catalysts Composition . Quantity ~" .Li-fGtitne Prices 

EO-catalyst silver on alumina 126 M3/3y/ I 
.,': .J. \ 3 years\ 1I 37,730 

MEG catalyst an alkyl ammonium salt 327M/ resin o~l lY~:J 11 ,764 

~~. sph~rica US$/m3 

paI1ïcles - \ 

/ \ 

10 
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11 

11 Til 32P ale ure comllOnent l)rOllerhcs 

Pure component properties 
Component name Technological data Medical 

data 
Design Systematic Fonnula Mol. Boiling Melting Density of MACvalue 

11 
Weight pointl point l liquid2 

f. 
glmol °C °C kglm3 mglm3 

Acetaldehyde Acetaldehyde C2H4O 44.05 20.8 -121 783 18 100 
Acetic acid Ethanoic acid C2H40 2 60.05 117.977 16.6 104 20 N.A. 

~ 
Acetylene Eth)'ne C2H2 26.04 -84 81.8 620 ·82 N.A. 
Argon V Argon Ar 39.94 -185.7 -189.2 1400 ·186 N.A. 
Carbon dioxide " Carbon dioxide CO2 44.01 -78.544 -56.655 1101 ·37 9000 11 
Carbon Carbon CO 28.01 -191.3 -207 793 29 
monoxide monoxide 
Chlorine Chlorine CI2 70.9 -34.6 -100.98 3 11 

f Diethylene 2,2' - C4HJ00 3 106.14 245.8 -10.4 1119 15 N.A 
glycol o:\-ybisethanol 

j 
Ethane Ethane C2H6 30.08 -88.6 -172 572 ·100 N.A 
Ethylene Ethene C2H4 28.05 -103 .7 i,.-,-~l-:6Q. 567 ·104 N.A. 

f Ethylene { ) Ethylene C3~03 88.06 248 (V 1321 N.A. 
carbonate Et-. carbonate 

11 

11 

11 

I Mono et~Yle~~ 1,2-ethanediol C2~02 62.07 197.3 -13 1108 ·20 26 
glycol fJ r:;: 

t Ethylene oxide 1,2-ethane C2~0 44.05 10.6 -111.7 882 10 90 
.eO epoxide 

Fonnaldehyde Methanal CH20 30.3 -21 -92 815 20 1.5 8 

11 

Hydrogen Hydrogen H2 2.02 -252.8 -259.18 N.A. 
Hydro&èn Hydrogen H2S 34.08 -60.4 -85 .5 1539 0 15 

~ 
sulfide sulfide 
Methane Methane CH4 16.05 -161.5 -182.4 466 ·164 N.A. 

11 
Methanol Methanol C~O 32.04 65.266 -93.9 791 20 260 
Nitrogen ' Nitrogen N2 28.02 -195.8 -210 808 ·1 96 N.A. 

~ Ox-ygen Ox-ygen O2 32 -183 -218.4 1149 ·183 N.A. 
11 

Propylene 4,methyl-l ,3- C4~03 102.09 24.2 -48.8 1207 20 N.A. 
carbonatè dioxolane-2-one 11 
Triethylene 2,2' -( 1 ,2·ethane C~1404 150.2 285 -7 1127 15 N.A. 
glycol 

diylbis( o>:y» 
bisethanol 

Water 1/ Water H20 18.02 100 0 1000 4 N.A. 11 
Notes: 
1. At 1 bar 
2. Superscript refers to the reference temperature (0C) at which density is measured. 

11 
3. Oral in g. for a male of 70 kg weight 
4. MeItingpoint measured at 5.2 atm. 
5. Sublimation point 

11 
6. Boiling point measured at 73 mm Hg 
7. Boiling point measured at 10 mm Hg 
8. MAC vahle in a mixture of 37 % water and 10% methanol 

11 

11 

11 

11 
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4. Thermodynamic Properties 

Thermodynamic models that describe reality as ac~urately as possible are highly desirabie, 
yet do not e~ist. If parameters for the modeIs, based on experimental work, are av,!ilable, / 
model results may be good approximations of reality, but when experimental data is not 
available, or limited.in its applicability, the choice becomes more difficult. 
Initially,.NRIL for the liquid activity' coefficient c<J.lculati~ns, combined with the equation 
of state model Redlj,ch-Kwong for vapor phase calculations, was selected to model the 
required thermodynàmic pr~perties. . 
This model was expe~tèd to adequately model both the .solubility of gases in absorbent, as 
weil as the separation in the purification sections. This was found,to be true for water as 
absorbent, but. in the more polar MEGIEC absorbent mjxt~re, the m~deled solubility-of 
gases, especially ethyl ene, was much to high in comparison with da~a from ~arious 
sources (i.e. 7% was modeled versus 0-4% described in' literature). The reason for this is 
because NRTL par~meters are preferably retrieved (rom the experin:tental values as 
presented in Dechema databanks. In these databanks, most interaction parameters with 
water are a~ailable, but unfortunately no data on interacti.on with the EC/MEG absorbent 
mixture. Therefore, ~ TL parameters are estimated with the UNIF AC gràup 
contribution method? resulting in inadequate modeling of t~è ab~orptïon of gases in the 
absorbent. ' , 'r > , 

The ~edlich-K wong-Aspel! model was eventuallyselected .because it most ad~quately 
modeled the 'solubility of gases in MEGIEC absorbent. . 
A number of cmnparis.ons on which the model choice is based are listed b~low. The 
comparisons ~ w~re valued the most, later compariso~s are believed to be Iess 
applicablez valuable, or veriftable. 

Data for the solubility of CIL, CO at elevated temperatures and pressures in 
MEG are available from Zheng etrá!,ref.. 12, nd wás used to validate the RK-Aspen, model. 
The model ' wa~ found, to very ac~iliatery des~rib~ data, as confirrned by Zheng. Zheng -~\~ 
claims Soave-Redlich-Kwong discrepancies to be 2.10 % (or CHJMEG" 2.04% for , . , 
N2/MEG,and 5.95% for CO2/MEG. Thesimulation~ in Aspen agree to a large èxt~nd __ 
with these result. ' 

The Mitsubjshj paten~ describes the solubility of r:O in propylen~ carbonate and Ee. 
Othepgases (no.tably ethyl ene) are saÎd not to dissolve in these absorbents. When 
modeling EO solubility În EC in Aspe~, both the NRTL a.!!,d the RK-As~ modeIs appear 
to approximate the experimen~ai data. However,~e MEG is n'Ot incl':lded in the 
experiments, this data is of limited value. . . 
Tsang and Ainsworth, describe in US Patent 4221727 ref. 13 to the Dow Chemical Co. the 
use ofEC as ab,sorbent fo'r EO reactor gas. This patent confirms the absorption of 

. . . ,.. " 

a~proxi~ately 4-:5 mol~\ C~.}z. In add'ition, the in:e~to~s èlai.1!1 "littie ~r no ethyl~~ 
mtrogen, a~d oxygen we re absorbed". In contradlctlon to thlS, pate~t EP 13376~ 
among,st other sources, doubts tpe èthyJene absorp~on claimed by Tsang. F~rthermore, 
the ~OIMEG process described in this conceptual design makes use of an ECIMEG 
abso~bent mixture instead of solely EC, hence this data 'is of limited val~e. ' 

12 
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These comparisons justify the choice ofthe RK-Aspen model for this model, when 
employed it shows that less than 1 % of the ethylene is absorbed. 
~ 

For reference, table 4 .1 show the resuIts ofthe primary EO .absorber (ClOl), in which the 
EO reactor gas is contqcted with an'ECIMEG absorbent stream, as produced by the 
Aspen simulation, These rèsuits are reasó'fIably consistent with the discussion above, 
However, the validity ofthis model in y-v and V-L, where L = H20, should be ~rther 
researched for a more rdetailed design. The' impact of possibl~ èliscrepancies is expected to 

beminDe. ~ . 
v /. ~ . 

Tahle 4.1, Ilrimark o absorbcr r~ #/b~~~ 
"-"..-

Component ~ Percentage ~rbed 
r-Emol%) 'h.. , __ ~ 

Concentration"in rich abS?~ent 
(mol%) ~ .e(,'t~L 'A~.~,,,. ?J . 

EO 99.9 
~ 

3.8 ' ~ Á~ .. '< ~ 

Ethylene 0.7'1 0.4 
Methane 0.19 3.0 
Oxygen 0.15 167 PPM 
Argon 0.17 32PPM 
CO2 3.78 0.5 
Water 90.38 19.7 

In conclusion, it is believed that the solubility of EO reactor gas in ECIMEG absorbe.llt, 
the most important feature of our design, is rea~onably modeled, and the thermodynamic 
model is adequate for the complete design simul~tions. ' 

" r ~, 

~~pS-( 

S!&-o ~ ~~tI ... 4? 
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5. Process Structure and Description 

Appendix 1 inc\udes a graphical overview of the process, and process flow schemes for 
each of the sections, as defined below: 

• Section 100 : Ethylene oxid~ (EO) production 
• Section 200 : Monoethylene glycol (MEG) production 
• Section 300 : MEG purification 
• Section 400 : EO purification 

The following chapter describes each of the units in the process, and the process as a 
whoIe. 

5.1. Ethylene Oxide Production (Section 10j), 

Ethylene from OSBL is mixed into the loop gas, an methane added as ballast in order 
to replenish the loss to the purge. An amount of oxyg on the relativ.e selectivity 
and activity ofthe EO catalyst is injected jn the mixing statio!1. Oxygen is added as the 
last component, so as to keep oxygen concentratior:t as low as possible. A small amount 
ofmethylène chloride (not shown) must also be added as ~omoter. . , 

The reactor feed gas is heated by exchange with the hot reactor eft}uent, and passed to 
the EO reactor. In the reactor the gasses are heated to reaction tem erature with 
. enerated steam of th~ reaction sectlon 0 t .e rea~tor. The reactIOn h~ iS r o~d by 
generating steam. er eavmg ereactlOn section the gasses should b"e cooled ectly 
to minimize EO decomposition, The EO reactor is described in detail ~n chapter 8. 

After being cooled in heat exchangers El 0 1 and El 04 which are integrated-wTth the 
reactor RIOI , the gas is counter-currently çontacted wjth absorbe~ary EO 
absorber. The EO is completely absorbed in the absorbent. Most of the scrubbed loop 
gas is cyc\ed back to the reactor, .approxim.ately 7% is pa§sed to the carbon dioxide 
removal unit. A small part is purged to prevènt the build-up of impuritiès, notably a~gon. 

Carbon diqxide removal is carried out in black box Cl 02, where water and carbon 
dioxide are removed with 95% efficiency. The CO2 removal system possibly removes 
CO2 by contactJng the lea~le gas wi th a h~siu.m carb~e sol~tion, in which 
the carbonate is convertedto p~täSsium bicaroonate by reaction with CO2. The CO2-rich 
solution is th en regenerated using stripping steam. Alfhough mono-ethanol amine (ME A) 
is a more commonly used and better absorbent for CO2 removal systems it 'cannot be used 
in the EO/MEG design. EO reacts easily with MEA t9 form polym~rs, thus~is 
unsuitable as an absorbènt because of the always present trace amounts of EO in the loOp 
gas with which it would react. 
The carbon . XI unit also .scrubs loop gas and carbon diû)~ide stripped ,from the 
absorbent i later u its. Specifically, loop gas is recovered from the secondary EO 
absorber, and is recovered after each ofthe three reactors in the MEG production 
section. The car on dioxide recovered is fed to the MEG reaction .section (section 200). 
The CO2-lean g is returned to the bulk of the cyc\e, gas . 

~_1~D-' " ' ;'3'~ 
14 
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Before the ethyl ene, oxygen, and methane are added to the lo~p gas, it is brought back to 
pressure in the loop gas compressor. . 
~. 

Absorbent is ~d from the two EO strippers from the EO purification (section 400) 
and from the MEG production section (section 300). A small amount ofunpurified MEG 
is added fromsection300, in order to preserve the composition ofthe absorbent. Let it 

)1 
again be clear that an approximately 111 mixture ECIMEG is necessary to prevent 
sQliditying of absorbent plugging pipes, pu~ps, etc. The absor~ent is first heat 
exchanged with the MEG reaction fee~ (E2Ç> 1), then cooled and éhilled by the absorbent 
coolers (EI05a andEI05b), and fed to the top ofthe packed absorber. 
The rich absorbent is split into a feed stream for the MEG reaction section and the EO 
purification section. 

5.2. MEG Reaction Section (Section 200) 

The rich absorbent feed from, section '100 is brought to higher pressure so as to enable 
more CO2 to dissolve in the stream. Before being fed to the EC reactor, the ' stream is 
heated to reaction temperature by exchange with the absorbent s1ream < 126>. Carbon 
dioxide recovered in the CO2 unit is fed in shots to the reactor, which is explained in 
more detail in chapter 8. A 1.2 molar excess ofC02 to EO is used. The excess is 
removed in a flash vessel, toge~her with any other loop gas components absorbed in the 
primary absorber (C 191). The vapor stream is returneo to section J 09; the liquid stream 
is split (1 : 10) into an absorbent stream and a smaJler stream for the conversion to MEG. 

A small part ofthe EC~G absorbent stream <206>, which contains little or no EO or 
other gases, is sent to section 400 for use in the secondary EO absorber. The major part 
ofthe stream is returned to the primary EO abs-;Jrber in section 100. ~~ 

(L:o ~. / 
Water is added to the rem' ing ECIMEG st re am <208> and heated to re~~n . 
temperature. In the hyd lysis reactors, two ofwhich are placed i~ series, CO2 is ~ 
~ and relT!oveei in the top of the fixed.bed reactors with the use of chimney trays. 
The liquid residen~ime is approximately 60 minutes. Each ofthe hydrolysis reactors is 
followed by a condensation vessel (S202 and S301) for the vapor stream, from which 
MEG and, for ~MEG an"d EC are recovered. The liquid stream from 
these vessels is returned to the major MEG flow. Vapor streams are returned to the 
carbon dioxide unit in section 100. ~ 

5.3. 
The crude MEG stream polluted y water and DEG, is purified in section 300 in two 
vacuum columns. The ater oval column (C301) separates water, aldehydes, and any 
carbon dioxide from the MEGIDEG stream, at a pressure of 0.1 bar. At this point a part 
of the MEGIDEG stream is split off and added to the bulk of the absorb~nt str~am . 

The MEG purification column (C302) operates at a pressure of~bar, splitting a 
purified MEG stream over the top and a DEG stream over the bottom. The MEG is 
condensed and sold as fiber-grade MEG. The DEG stream contains substantial amounts 
of EC and MEG, and is not further purified. -

15 
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5.4. EO Purification Section (Section 400) V4~ 
The rich absorbent stream from Cl 0 ~ is thef!11ally stripped, and compri ed in two stages 
to 10 bar. It is subsequently reabsorbed in the secondary EO absorber, whieh draws lean 
absorbent from section 200. Gas leaving the top ofthis pá~ked absorber is ·recycled to 
the carbon dioxide removal unit in section 100. The rich absorbent is again thermally 
stripped, this time at reduced pressure, with the recovered absorbent being added to the 
bulk absorbent stream. 

The EO- and CO2-rich vapor stream, after being pressurized in a muIti-stage compressor, 
is partially condensed with cooling water, and fed to the light-end separation column 
(C405). A liquid EO stream containing trace amounts of CO2 is withdrawn over the 
bottom, and a COiEO stream is recycled to the secondary EO absorber. The carbon 
dioxide fraction in this recycle loop approaches 10%, the EO fraction is approximately 
87%. The recycle ratio is approximately 3.7. Reducing this ratio would require more 
refluxing over the light-end separator (C405) and is not economically preferabie. 

~
~ 

The raw EO is subsequently passed through the eavy ends separat (C404). Heavy 
ends are withdrawn over the bottom, and sales specl lcatte-n-E~fter condensation, 
produced. / I 

L Îl1~(g, ~'{. ~ , 

5.5. Heat Integration 

Heat integration ofthe EOIMEG process is done by means of exchanging some streams 
against each other and by steam generation and distribution. Most of the heat produced, 
is produced in the EO reactor. The heat removed in this reactor is of the highest quality in 0; 
this design. The removal ofthis heat has/ to be carried O\)t with the generationof steam. 
From a safety point ofview it would be highly undesirable to lead another process stream 
through the reaCtor to remove the heat from the reactio"'n stream. The generated steam <i) 

will be used somewhere else.iri the process. Direct heat .\ntegration between stre SIS 
therefore limited to some places ~n the proc~ss, descn ed be ow. ------
5.5.1 . Heat integration between streams 

F 1Z.Ptf. rE> q..oc:JL 

Heat integration ~~rectlY implemented in the Aspen flow sheet design except for 
exchanger EI 0 1. 11)- Aspen, heat loss or gain of streams i,s modeled .\vith basic'heat 
exchangers using cold and hot utility to dissipate heat to and gain heat from. In order to 
integrate heat afterwards a cascade diagram is presented inj!gure 5. 1. Direct heat 
integration between streams is determined by the heat quality ofthe streams. The 
temperature of a sti-eam determines its heat quality; higher temperatures for hot streams 
and lower temperatures for cold streams resuIt in higher heat qualities. As can be seen, 
many low temperature hot streams are available. Extensive heat integraÜon is therefore 
not possible, simply because ther~ is a lot ne lose from those·low temperature 
hot streams and nowhere t9 lose it qut i cold utility arge amouf.1t:r of éooling and 
chilled wa us a necessity increasing ~ operating costs. 
Also i Igure 5.2 i demonstrated that heat éxchange between reactor feed < 106> and 
reacto <:: 11 0> in exchanger EI 0 1 is possible as weil as between the main 
absorbent stream < 126> and the carbonate reactor feed <201 > in exchanger E201. 
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Because cooling of < 110> and <126> is not sufficient, additional coolers are installed 
(EI04 (cooling water), and EI05a (cooling water) and EI05b (chilled water) 
respective1y). Implementing the exchangers E101 and E201 in the design reduces the 
necessary amounts of hot and cold utility substantially. AIthough some integration 
between streams in different units of the process is still possible this is not done because 
the amount of heat transferable is not of substantial influence on the amount of cold and 
hot utility necessary. 

5.5.2. Steam generation and distribution 

Three units in the process generate heat ofhigh enough quality to generate steam (see 
table 5.1). - , . . 

The EO reactor, in which highly exothermic reactions occurs, ' ~era an amount of 
193.05 GJ/hS The outlet temperature ofthe reaction section 's 240"°C. Therefore RPS is 
generated with the heat generated in this section. 

. . ~ " 

Heat exchanger (EI03) is part ofthe EO reactor (RlOl) and is meant to cool the effluent 
ofthe reaction section in order to prevent isomerization to acetaldehyde. The reactor 
effluent is cooled from 240 °C to 180 °C, while medium pressure steam is being 
generated. 

- --')-1 In E304, the condenser of distillation column C302, operating at a temperature of 130 
°C, .LPS is generated. 

Heat exchanger 
Condenser C302 

EI03 
E304 

In table 5.2 the units that require RPS for heating are listed. 

160 
120 

51n7 
14621 

• 

E303, the reboiler of c9lumn C302,)s operated at a temperature of 164°C, thus RPS is ~~ 
needed to heat the reboiler. ~ -r ? --.- ~ 
EI02, the fee9 preheat~r, which is part of the EO reactor, heats the reaction section in1et J"~ 
with the HPS generated in the reaction 8ection, The reboiler of C40 1 (E40 1) is the third 

. I ~ . . ' . 

unit that requires HPS for heating, Unfortunately, the EO reactor (RlOl) doesn't 
generate enough steam to opèrate all HPS cènsuming equipment. Therefore additional 
HPS is acquired from outside the battéry limit. 

Reboiler C302 
Feed preheater 
Reboiler C401 
Total 

E3D) "" 
E102p--
E401 v 

19 

R~.at puty GJ/hr 
." ,., ._ , . 

32.00 
184,64 

107.3 

17663 
101918 
59226 

178807 
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The majority ofthe heat requiring units,.are operatil}g in a temperature range ofJ-OO °C to 
120 ° C

J 
for these units MPS is used to provide their heat requirement. Table 5.3 - , 

provides a list of these tnits. The total amount ofMPS generated in EI03 is more than 
sufticient and therefore an amount of 34840 kg/hr MPS is leftover. This MPS is 
elsewhere upgraded to RPS. 

The LPS generated in E403, the condenser of distillation column C302, is used in E405, 
the reboiler ofthe secondàry EO stripper C403, and in E410, the reboiler oflight end 
separator C405. The LPS requirements are shown in table 5.4 

Reboiler C403 
Reboiler C405 
Total 

E405 
E410 

18.00 
5.7 

8173 
2588 

10761 

Again, 3860 kg/hr ofLPS i 
process. 

le~This is elsewhere upgraded to RPS and us~d in the r ~ 

An overall view ofthe st7 istribution ofthe EO: ; ess is given in tigure 5.3. 

D ~e.~ , --
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Steam distribution 

4~~-" diagram 

~. 
_ -4(),ÇC~ ~ HPS distribution 

requred: 

72250 kg,1/r 

178807 kg,1/r 17663 kg,1/r 59226 kg,1/r 101918 kg,1/r 

Rl0l c2) E303 E401 El02 

,l ~'?;'- MPS distribution 

~ f'ttl~ -e 
Left over: 

34840 kg,1/r 
16277 kg/hr 1 6054 kg/hr 1 3512 kg,1/r 16008 kg/hr 1703 kg,1/r 

El03 E301 E406 E202 E203 I ® t/ V t- v I 

1 1 1 1 

fL~ d1~' LPS distribution 

~/860 -;;~;'I ~ 
10761 kg/hr 1 8173kg,1/r I 2588 kg,1/r 

... 
i 

E304 

0 
E405 V E410 V 

1 
Fig. 5.3 Stcam distribution 

5.5.3. Cooling requirements 

Most ofthe units that require cooling are cooled to a temperature of 43°C. This is the 
minimal temperature that can be accomplished with the use of cooling water. Some 
streams require cooling to Iower temperatures. For this purpose chilled water is required . 
Cooling water is provided at a temperature of33 0c. Chilled water is provided at a 
temperature of 4 0c. Both cooIing and chilled water are obtained from outside the battery 
limit. In table 5.5 the units that require cooIing, by means of cooling or chilled water are 
shown. 
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399 
43 33 43 CW 117 

E407 -8 .28 29 29 4 10 CHW 328 
E408 -2.68 138 57 33 43 CW 64 
E409 -14.89 108 43 33 43 CW 
CW = Cooling water, CHW = Chilled water 

l "f~ 
\----" -- '-_ .. _._-_ ...... _ ... __ ...... _--_.---_ .. _ ... ~-~_ ...... ------, ...... _ ....... _ ... 

... _--_ .... ~_ .......... ,_ .... 
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6. Process Control 

In this chapter the concepts of process control in the EOIMEG plant design are outlined. 
For every unit operation some basic process parameters will be controlled to provide 
safe and normal operation (in the steady state) . Since the performance ofthe EO reactor 
and the feed mixing is of the utmost importance for a safe process operation, some 
additional process control is implemented for this purpose. Some aspects ofthe process 
control will be described in more detail below. The proce-ss control loops are shown in 
the PFD (appendix 1). 

6.1. EO Reactor and Cooling 

The cooling of the reactor is controlled by measuring the temperature in the 
corresponding reactor section and contr~lIing the steam pressure. In other words: ifthe 
temperature ofthe reactor raises the pressure ofthe steam is lowered, allowing heat to be 
removed faster. The inflow of boiler feed water is controlled by a liquid level controller, 
which measures the liquid level in the steam drum. This cooling mechanism is a very 
important part ofthe reactor operation, because ofthe highly exothermic reaction_ Ifthe 
heat of reaction cannot be removed surely a thermal runaway will definitely occur, with 
disastrous consequences. 

For safety reasons 'emergency control' is necessary for the temperature ofthe reaction 
section. Wh en the temperature ofthe reaction stream exceeds an upper limit, the 
emergency valve will open. The feed and the contents ofthe reactor (by pressure relieve) 
will be led to the flare . The ethyl ene, methane, and oxygen feeds will be c10sed and 
nitrogen gas will be fed to the system at the end ofthe reactor to empty the system 
(reactor and recycle loop) of the dangerous reaction medium. This because a stagnant EO 
containing gas presents a serious hazard (decomposition of EO resulting in hot spots and 
alocal runaway) . In case this emergency system interferes with other controllers, override 
control is used with a high selection switch. This high selection switch is switching from 
normal control action to 'emergency control action' and attempt to prevent a process 
variabie from exceeding an allowable upper limit. 

6.2. Carbonate Reactor 

The EO feed and the CO2 feed to the carbonate reactor are controlled with ratio control 
so the two feeds are added in stoichiometric amounts. The liquid level is controlled by the 
bottom stream. To prevent the creation oflarge vapor phase a pressure controller in the 
top of the reactor also controls the CO2 feed. Under normal operation the ratio controller 
controls the CO2 feed of which most will dissolve in the liquid phase_ Only wh en 
insufficient dissolving takes place the pressure controller prevents the formation of a large 
vapor phase. 
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6.3. MEG Reactors 
The liquid levels on the chimney trays are kept constant, in order to maintain sufficient 
residence time for gasses to escape the liquid phase, by a controller that controls the 
liquid effluent ofthe reactors. The pressure is controlled by the overhead vapor flow. 

6.4. Absorbers 

For the absorbers to work properly the ratio between the absorbent stream and the feed, 
with the components to be absorbed, has to be kept constant. For this purpose ratio 
control is applied between both streams. The liquid level in the absorber is controlled by 
the flow of the bottom stream, to prevent a liquid build-up in the absorber. The pressure 
is controlled by the flow ofthe overhead stream. 

6.5. Strippers 

The strippers used are all thermal. In order to operate them properly the temperature in 
the column is controlled by the steam flow through the boiler. The liquid level is 
controlled by the flow ofthe bottom stream withdrawn. The pressure in the stripper is 
controlled by the flow ofthe overhead stream. 

6.6. Distillation Columns 

The liquid level inside the column is controlled by the flow ofthe bottom stream, and the 
pressure in the distillation column is controlled by the stream of coolant through the 
condenser. The temperature in the column is controlled by the steam flow through the 
boiler. The reflux ratio is controlled with a flow controller in the reflux stream. The liquid 
level in the knock out vessel is controlled by the condensed top stream ofthe distillation 
column. In case of non-total condensation a pressure controller coupled with the vapor 
flow or vacuum pump controls the pressure. 

6.7. Flash-Vessels and VIL Separators 

In these vessels the liquid levels are controlled by the liquid bottom streams and the 
pressure is controlled with the overhead vapor stream. In the case that heat-coils are 
present (for instance S201 and S202), the temperature ofthe vessel is controlled with the 
flow of the coolant medium. 

6.8. Mixing Points and Splits 

Mixing points and split points of streams are mostly controlled with ratio control. The 
mixing points for the fresh feeds ofthe EO reactor have an additional override control for 
safety reasons. An analysis controller controls the flow offresh oxygen, because the 
oxygen concentration is important for the safety of the operation. If reactor influent 
exceeds its limits the reaction mixture will become more dangerous. Furthermore this 
analysis controller will also measure the concentration EO. Also it is most important for 
safety reasons that the build up of EO in the reactor feed is as low as possible to prevent 
the effluent to exceed the explosion limits (see also chapter 10). 
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Î 
7. Mass and Enthalpy Balances 
Mass and enthalpy balances are ca\culated ' basis of flow sheet simulations conducted 
with Aspen Plus, No major discrepancie ' were found; the causes ofminor discrepancies 
are noted in the relevant section~, r'\ 
Table 7.1 reflects the componen ~ole and~alances . Mass balances over e~ch of 
the sections of the process are sUDs quently present~ , inc1uding overall mass balance, 
Enthalpy balances are presented in a similar fashion n chapter 7.2. t 

7.1. Mass Balances 

d mass balances 

In Out Production Relative Ditt. 

EO ; oi 2951 2951 -1 03E-05 _._-_. __ ._-_ ..... _---... _. -~. ---_._--+-----------~. __ .. _---_ ....... _. __ .-.. +. __ ._. __ ....... _---+._-----_-=.....-
MEG I ol 4141 4141 -1 .13E-04 ------... -.-----------... - .. ----;.---.-- i . '1'---------
ETHYLENE 860836: 30: -831 i 6.22E-08 ... --------......... -.. -... . i"-----·---I··---..... ----------·I--·-----
'f'/ ATER _____________________-1____ _ _____ ~--------::.!1.!:l!-------4,-'!J_i::-02 

METHANE 901 2,OOE-03 
~~~~~ - -----------~---------- ~~;~~_O4 

ARG_O_N __ .. _. ______ ....... ___ ........... __ ..... _ ................ __ . __ .. _._ ...... --i----.. - .. -- 1.58E-03 

0: -3.87E-02 r=-::··---·--------------.... -----.. -.. · .. ---·--.. -.. ·---·--· .. ·--.. ---+------.. -.----...... -- .-... ----...... --........ -.-------;....--.--.... --.. ---.. ---. 

~-~~==~~==:~:~_-=~~=_ .. --_-= __ ··· ··-----------·-r----~::=_~==_.1~_~==~- 69;i---------?~-=r-___ -1:..:..:.9::..::2c::.E-....::0..:::51 

ol ol -2.66E-05 

-9.81 E-07 

ACETALDEHYDES 

In Out Production Relative Diff, 

EO 

MEG 

.... ------L--------.. ---__ ; _______ .1?Q!~L _______ J 297 -1.32E-01 

-2.92E+00 

ETH_YLEt::J_~ .. _. ______ .. _ .. __ .. _._ .... _ ...... -......... -----..... - ... - .. --.. -.. -.. --.. --.---=-:...o=,---="""'~-- -2.52E-02 

Y.'{~TÉ.~------------------_.-.. ------.. --7_'_:=--:+ -3.84E+02 

METHAN E __________ .___._ ..... __ .. __ .; ... ___ ___ .. __ =.::..,,_~..::_=~ ____ _ ...:....:..:-j-\-__ ..... ____ .. _ .... ___ .. _ .. ___ =.; _____ .. ___ ._ .. ?,§9..1:: +00 

ARGON -_._----_._-_. 

_EC _______ ._ .. __________ --+ _____ 'il ___ _ 

DEG ___________ ... __ . _______ ._.~.i-------_t_=_;-------':...:...=;'--_\__---_. __ ._-(------_. 

ACETALDEHYDES 0 oi ol -2.64E-06 
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7.1.1. Section 100 - EO Reaction Section 

Mass stream in Stream Flow (kg/hr) Mass stream out Stream Flow (kglhr) 

number number 

Ethylene feed 101 24150 C02 purge 131 9406 

Methane feed 102 1449 C02 to MEG reaction section 202 2oo2.j 

Oxygen feed 103 23073 Water purge 132 851 

Loop gas from EO purification 421 3337 Argon purge 118 3032 

C02 from MEG purification 312 9732 EO to MEG reaction section 201 67518.j 

11 C02 from MEG reaction 220 9541 EO to EO purification 401 473088 

C02 from MEG reaction 207 1916 1181586 

Absorbent from MEG reaction 128 583963 

Absorbent from MEG purification 310 28032 

Absorbent from primary EO stripper 414 456295 I Discrepancy (kglhr) : 4 
11 

Absorbent from secondary EO stripper 420 40094 

1181582 

11 
7.1.2. Section 200 - MEG Reaction Section 

Mass stream in Stream Flow (kg/hr) Mass stream out Stream Flow (kg/hr) 

number number 

11 Reaction water 223 8143 C02 to EO reaction section 207 1916 

C02 from EO reaction section 202 20025 C02 to EO reaction section 220 9541 

EO feed from reaction section 201 675184 V-effluent to MEG purification 222 9n7 

703351 L-effluent to MEG purification 221 5815.j 

Absorbent to EO reaction section 128 583963 

Absorbent to EO purification section 422 40000 

703351 

I Discrepancy (kq/hr): 0 

7.1 .3. Section 300 - MEG Purification Section 

11 Mass stream in Stream Flow (kglhr) Mass stream out Stream Flow (kglhr) 

number nu"mber 

11 V-effluent from MEG purification 222 9777 C02 to EO reaction section 312 9732 

L-effluent from MEG purification 221 58154 Water / aldehydes (V) 308 1152 

67931 Water / aldehydes (L) 313 3139 

11 Purified MEG 304 25666 

Heavy components 309 210 

Absorbent to EO reaction section 310 28032 

67931 

I Discrepancy (kglhr): 0 
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7.1.4. Section 400 - EO Purification Section 

Mass stream in Stream Flow (kg/hr) Mass stream out Stream Flow (kglhr) 

number number 

EO from EO reaction section 

Absorbenl from MEG reaction section 

7.1.5. Overall Mass 8alance 

Mass stream in Stream Flow (kg/hr) 

number 

Ethylene feed 101 24150 

Methane feed 102 1449 

Oxygen feed 103 23073 

Water 223 8143 

56815 

401 473088 Loop gas 10 EO reaction seclion 421 

422 40000 Purified EO 419 

513088 Heavy components 418 

AbsorbenIlo EO reaction section 420 

Absorbent to EO reaction section 414 

I Discrepancy (kg/hr): 

Mass stream out Stream 

number 

Argon purge 118 

Water purge 132 

Water I aldehydes (L) 313 

Water I aldehydes (V) 308 

MEG (purified) 304 

Heavy componenls 309 

EO (purified) 419 

Heavy components 418 

C02 purge 131 

I Discrepancy (kg/hr): 

Flow (kg/hr) 

3032 

851 

3139 

1152 

25666 

21C 

12976 

381 

9406 

5681S 

4 

30'; 1 
8--\-, 

)1 ~!l 

II~Z. 

2.;)6 {, b 

VO 
l 2..ct +b 

~fJ~ 
Cf L{ c:> '-

0 

The 3.9 kg/hour discrepancy the balance over section 100 and in the overall mass balance 
is due to the toleranee set during Aspen simulation. This toleranee was set at 0.0001. 
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7.2. Enthalpy Balances 

7.2.1. Section 100 - EO Reaction Section 

Stream in 
~ 

Stream number Flow (GJ/hr) Stream out Stream number Flow (GJlhr) 

Ethylene feed 101 44.3 C02 purge 131 (0) 

Methane feed 102 -6.8 C02 to MEG reaction section 202 -176.7 

Oxygen feed 103 -0.1 Water purge 132 (0) -97) 

Loop gas from EO purification 421 -18.2 Argon purge 118 -9.4 

C02 from MEG purification 312 -87.4 EO to MEG reaction section 201 -4877.3 

C02 from MEG reaction 220 -85.9 EO to EO purification 401 -3417.4 

C02 from MEG reaction 207 -9.6 -8578.6 
.' 

Absorbent from MEG reaction 128 -4212.6 

Absorbent from MEG purification 310 -199.2 

Absorbent from primary EO stripper 414 -3268.8 Stream difference 443.5 GJ/hr 

Absorbent from secondary EO stripper 420 -290.8 Units -440.6 GJlhr 

-8135.1 Discrepancy 2.8 GJ/hr 

Correction Rl 01 c2D 
Unit Duty: (kW) (GJ/hr) Corrected discrepancy -0.1 .) 

R101 -193.1 

K101 3058.6 11.0 

K102 745.4 2.8 

K103 286.9 1.0 (0) <131> and <132> combined in Aspen 

P101 331 .6 1.2 

P102 13.8 0.0 

E102 184.6 

E103 -106.4 

E104 -106.8 

E105a & E105b -141 .3 

E201 -93.9 

C101 0.0 0.0 

C102 0.0 0.0 

Sum -440.(3 

Duty over the EO reactor (R 101) is inconsistent with stream enthalpies due to heat of 
reaction specification, resuIting in the major part (2.8 GJ/hr) ofthe above qiscrepancy. 
When the heats of reaction are specified in Aspen, these will be used to ca\culate the heat 
duty of the reactor, but st re am enthalpies are always ?ased on the elemental enthalpy J « 
reference state. / \ 
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7.2.2. Section 200 - MEG Reaction Section 

Stream in Stream number Flow (GJ/hr) Stream out Stream number Flow (GJ/hr) 

Reaction water 223 -129.1 C02 to EO reaction section 207 -9.6 

C02 from EO reaction section 202 -176.7 C02 to EO reaction section 220 -85.9 

EO feed from reaction section 201 -4877.3 V-effluent to MEG purification 222 -87.6 

-5183.1 L-effluent to MEG purification 221 -442.5 

Absorbent to EO reaction section 128 -4212.6 

Absorbent to EO purification section 422 -288.6 

-5126.8 

Unit Duty : (kW) (GJlhr) 

P201 257.1 0.9 

P202 0.1 0.0 Stream difference -56.3 GJ/hr 

P203 2.1 0.0 Units 58.8 GJ/hr 

E201 94.0 Discrepancy 2.5 GJ/hr 

E202 12.5 -? Correction R201 C 2.4GWr 

E203 1.5 Corrected discrepancy 0.1 GJ/hr 

S201 -49.3 --{ S202 -0.8 

Sum 58.8 

Duty over the carbonate reactor (R20 1) is inconsistent with stream enthalpies due to heat 
of reaction specification, resulting in the major part (2.44 GJ/hr) of the above 
discrepancy. < ~ 

7.2.3. Section 300 - MEG Purification Section 

Stream in Stream number Flow (GJ/hr) Stream out Stream number Flow (GJ/hr) 

V-effluent from MEG purification 222 -87.6 C02 to EO reaction section 312 -87.4 

L-effluent from MEG purification 221 -442.5 Water I aldehydes (V) 308 -14.2 

-530.2 Water I aldehydes (L) 313 -48.8 

Purified MEG 304 -182.8 

Heavy components 309 -1.2 

Absorbent to EO reaction section 310 -199.2 

-533.6 

Unit Duty : (kW) (GJ/hr) 

S301 -0.5 

C301 reboiler 12.6 Stream difference 3.5GJlhr 

C301 condenser -15.9 Units -4 .0GJ/hr 

C302 reboiler 32.0 Balance -0.5 GJ/hr 

C302 condenser -32.2 

P303 2.4 0.0 

Sum -4.0 
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11 7.2.4. Section 400 - EO Purification Section 

Stream in Stream number Flow (GJlhr) Stream out Stream number Flow (GJ/hr) 

EO from EO reaction section 401 -3417.4 Loop gas to EO reaction section 421 -18.2 

Absorbent from MEG reaction section 422 -288 .6 Purified EO 419 -22.7 

11 -3706.0 Heavy components 418 -6.0 

Absorbent to EO reaction section 417 -290.9 

Absorbent to EO reaction section 414 -3268.9 

-3606.6 11 
Unit Duty : (kW) (GJ/hr) 

11 C401 reboiler 107.3 Stream difference -99.4 GJ/hr 

C403 reboiler 18.0 Units 99.7 GJ/hr 

C404 reboiler 7.3 Balance 0.3GJ/hr 

C404 condenser -8.3 

C405 reboiler 5.7 

11 K401 448.5 1.6 

K402 644.0 2.3 

K403 205.6 0.7 

K404 1067.6 3.8 11 
K405 451 .1 1.6 

P401 165.2 0.6 

P404 20.0 0.1 11 
E402 -2.0 

11 E403 -16.7 

E404 -4.9 

E408 -2.7 

E409 -14.9 11 
Sum 99.7 

11 

11 

11 

11 

11 

11 

11 
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11 
7.2.5. Overall Enthalpy 8alance 

Unit Duty : (kW) (GJ/hr) Stream in Stream number Flow (GJ/hr 

C301 condenser -15.9 Ethylene feed 101 44.3 

C301 reboiler 12.6 Methane feed 102 -6.8 

C302 condenser -32.2 Oxygen feed 103 -0.1 

C302 reboiler 32.0 Reaction water 223 -129.1 

C401 reboiler 107.3 -91 .7 

11 C403 reboiler 18.0 

C404 condenser -8.3 

C404 reboiler 7.3 Stream out Stream number Flow (GJ/hr) 

C405 reboiler 5.7 Total purge 131+132 (*) -97.7 

El02 184.6 Argon purge 118 -9.4 

El03 -106.4 Water I aldehydes (V) 308 -14.2 

El04 -106.8 Water I aldehydes (L) 313 -48.8 11 
El05 -141.3 Purified MEG 304 -182.8 

11 E202 12.5 Heavy components 309 -1.2 

E203 1.5 Purified EO 419 -22.7 

E402 -2.0 Heavy components 418 -6.0 

E403 -16.7 -382.8 11 
E404 -4.9 

11 E408 -2.7 

E409 -14.9 (*) 131 and 132 combined in Aspen 

Kl0l 3058.6 11.0 

11 Kl02 745.4 2.7 

Kl03 286.9 1.0 

K401 448.5 1.6 

11 K402 644 2.3 

K403 205.6 0.7 

K404 1067.6 3.8 

K405 451 .1 1.6 Stream difference 291 .1 GJ/hr 11 
Pl0l 331 .6 1.2 Units -286.3 GJ/hr 

11 Pl02 13.78 0.0 Balance 4.8GJ/hr 

P201 257.146 0.9 ~orrection Rl01 & R201 5.4GJ/hr 

P202 0.2 0.0 rorrected discrepancy -0.5GJit/) 

P203 2.1 0.0 

/ P303 2.4 0.0 

P401 165.227 0.6 

11 

11 
P404 19.962 0.1 

Rl0l -193.1 

S201 -49.3 11 
S202 -0.8 

S301 -0.5 

-286.3 Sum 
11 

11 

11 

11 
31 
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8. Process and Equipment Design 

8.1. Integration by Process Simulation 

A steady state flow sheet modeling program is used to model the design. For this purpose 
Aspentech's Aspen Plus 10.0-1, provided by Stork E&C, was used. 

8.2. Equipment Selection and Design 

8.2.1. Ethylene Oxide Reactor (R 101 ) 

The ethylene oxide reactor is a multi-tubular reactor, in which the tubes are filled as a 
packed bed of catalyst partic\es. A multi-tubular reactor with a cooling effluent in the 
outer shell is chosen because of the necessity of substantial heat removal, together with 
the fact that a packed bed of catalyst is necessary. !V~ CJc~-€ ~., . 

An industrial reactor designed for EO Production by Shell/CRI or Halcon ref. 14, 15 is 
shown in figure 8.1. This reactor consists ofthree sections. After heat exchange between 
the influent and effluent gasses of the reactor, the influe'nt (110 °C) is pceheated to 
reaction temperature (220°C) with steam produced in the reaètion section. This preheat 
zone is symbolized by EI02 in the PFD. In the reaction se,ction the heat ofreaction is 
removed and in the cooling z~:me (EIÇ3) the effluent gasses from the re~ction section 
(240°C) are cooled as quickly as possible to approximately 180°C to minimize aldehyde 
production. . . ' . 

<) 
I/u 

r: ft> L. Pre heat Zone 

Reaction Zone 

BAN ----------~~~~~----~~----
Cooling Zone 

BFW __________ ~~~~y 

Fig 8.1 EO reactor 
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In the design two parallel reactors ared~nSiSting of 6265 tubes eadland a volume 
of90.8 m3

. Each tube has a diaJneter f 4 cm nd a length óf 1l.5 m~ter, di~ided 'over the 
sections ~s follows: 2.2 m. for the preheat.z.ö e, 8 m. for the reàction zone and 1.3 m. for 
the que~ch . The rea'ction'section iS ,packed with 'sphe~ical catalys~ partic1e~ of 0.8 cm ref. 

15. The catalyst is a silver-do ed, o~ a-alumina based Shell catalyst. This catalyst' is 
chosen for its high selectivity ( %) for EO production. The productivity ofthis catalyst 
is 250 kg EO/m3 react~)[/ ref. 16 . The single pass ethylene conveisionis about 10% with a 

. ; 

residence tiine of6 seconds. 
~ 

With the data ofthe catalyst proçit,lctivity and EO mass 0'Y, tIl volume ofthe catalyst 
bed is ca1culated. Sirice the geomeiry of the tubes' is set ef. 14, 1~ e number of tubes 

s direct y m the reaction volume, as well as the arèa available for heat transfer 
(see appendix 1~). - ' 

The pressure drop is c~1culate~ with t~e Erg~n equatio?-r~he bed porosity fig 5-56 
on page 5-54 ofPerry s Chemlcal Engmeers HandboÓ~ used) 

Where: P: Pressure [Pa] 
Vms : Superficial mass velocity [kglm2s] 
dp: ParticIe diameter [m] 
Gbed : Bed porosity [-] 

p: Density [kglm3
] 

11: Viscosity [Ns/m2] 
Ltube : Tube length [m] 

With this equation the pressure drop over the reactor is found to be 2.5 bar. 
... 

The amount ofreaction heat to be removed is: 53625 kJ/s. The design ofthe EO reactor 
also depends on the fact that this heat has to be reînoved (this requires a minimum heat 
transfer area). Calculations based upon catalyst activity resulted in a reactor with 
suflicient heat transfer area. The heat of reaction is removed by producing steam from 
boiler feed water at a rate of 107 ton/ho The design of tnepre'heat section and cooling 
section are described in heat exchanger de~ign. ,mplet ca1culations and data sheets 
concerning the EO reactor can be found in' th appendices. ~ ~~ 

Although in reality a ~r design as described above is us.ed, the /modeling is done by 
separating the reaction section, the preheating- and cooling section (Feed heater, Quench) 
and calculating them as stand alone o .sr<:ttjQns. 

The tubes of the reactor are constructed of st!!!Hf~1~&~SI, because ethyl~ne oxide is 
present. PO,ssibly formed ff: if carbon steel would be used, together with ethyl ene oxide 
presents an explosion an lre risk. The outer shell is con~tructed of carbon st,eel, 
because no aggressive chemicals or EO are pr~sent. 

. 
8.2.2. Carbonat~ Reactor (R201) 

The liquid feed ofthe carbonate reactor contains amounts OfC02. T~e rest ofthe 
necessary CO2 must be added gradually to replenish the liquid phase and to keep the 
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vapor volume in the reactor as low as possible, while the concentration CO2 in the liquid 
phase will be kept high. For this purpose a trickle flQ ed bed reactor with 
intermediate feed positions for the gas phase is use ref. 21 , g.567 . 

The liquid flow directiön is from top to bottom (coun r-current flow to the rising 
bubbles CO2) , to accomplish a better CO2 uptake than in the case of co-current flow. In 
the case of a normally fed bubble column a large gas recycle would be required and the 

/ ~r fraction in the reactor would also be higher resulting in much larger equipment ref. 

~. . 
The Chos~-current flow reactor is shown in figure 8.2. 

The reactor is constructed of stainless steel, because ethyl ene oxide is present. Possible 
formed rust, if carbon steel would be used, together with èthylene oxide is explosion 
dangerous. 

Feed containing EO 

CO2 gas feed 

Efflue nt 

Fig 8.2 Carbonate reactor 

The reactor has a volume Off02 m3 fj!!ed with a spherical catalyst, compar bIe with 
DOW MSA-l. .The productivityofthe catalyst 3qO kg conversion ofEO/rn3/h ref. " . 
With the data ofthe catalyst productivity and EO mass flow, the volume ofthe catalyst 
bed is calculated. This volume is corrected for a gas phase volume of approximately 10% 
(20 m3

) resulting in the volume stated above (see appendix 13). 

The pressure drop is calculated with Ergun' s equation and found to be 10 bar. The 
complete calculations and data sheets can be found in the...appendic~s . 

Because the heat of reaction is low, intermediate cooling is not required . The reaction 
stream will rise approxim!ltely 25°C in temperature. The conversion to ethyl ene 
car}dó~e~t; iS) nea:ly 10 ~ with a s .ect!vity: 99°.0 or hi~her t~ the eventually ~çoduced 
MEG:.:":""""--Á resld~nce tIme ofthe hqUlds of 19 mlD~es IS reqUlred to accomphsh to 
conversion described above. ' 

8.2.3. Ethylene glycol reactors (R202, R203) 

The reactors used to convert ethylene carbonate to ethylene glycol are shown in fig 8.3. 
The reaction takes place in !WO sequentially pla.ced packed bed reactors, in order to keep 
the produced vapor flow withirl practical limits. These limits are determined by possible 
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equipment size, unwanted entrainment ofliquids and solids in the vapor flow, substantial 
gas/liquid separation on top ofthe reactor. For the same reasons the reactor should have 

I . 

a substantial cross seçtion'al area. A height over diameter (HID) ratio of appfoximately 
1.5 is used. I . 

Feed -+-------' 

Fig 8.3 MEG reactors 

Vapor 
effluent 

A p-acked bed reactor is used without intermediate cooling because the heat of reaction is 
low~ During the reaction with water CO2 is released and a substantial vapo( flow is 
produced. This p~nsumes heab which nearly Q.(!lanceiJ.h.e heat Eodu~ 
by reaction. The reactor is fiUed with catalyst partic1es comparable with QOW M~~ 
The productivity ofthé catalyst for this reaction is 750 kg conversion ofEC/m3/h~ 
With the data ofthe catalyst productivity ~nd EO mass flow, the volume ofthe catalyst 
bed is calculated. This volume is c~rrected for a gas phase vohJme of appróximat~ly 10% 
resulting in the volume stated above (se.e appendi~ 13). 

the top ction ofthe reac!or the gas liquid separation takes place. For this purpose 
chimney trilY are install"ed. The vapor/liquid strea!TI runs through the p)pes ofthe 
chimne where at the top the liquid is (orceddown and the gas stream up. The liquid 
phase has a residence time"of3 minutes on top ofthe chimney tray 'for the g~sses to 

. l 

escape. 

The residence time in the reactors of 83 m3 are approximately 1 hour to result in a - - , conversion of nearly. 100%. The selectivity over the carbonation ste the hydrolysis - , step is 99% or more towards MEG. The pressure drop over th se reactors' low because 
the HID~is'k;w , For the calciîÏation ofthe pressure drop he Ergun eq ti on is used. 
A more complete calculation ofthe reactors can be found in tH ' . es together with 
the datasheets. - . 
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Both reactors are constructed of carbon steel, because no aggressive materials or EO are 
present. 

8.2.4. Absorbers, strippers, and distillation columns 7 
Separation calculations 
The column sizing and design is done by computer simul on with Aspen as much as 
possible. The numbers oftheoretical stages.were p bly calculat~d with ASp'en by the 
DSTWU shortcuf distillation model, employin , 3 X R.tin as design criteria, but more 
preferably data from different patent literatur ref. 8 was us~d: The DSTWU model 
employs the Winn, Underwood, and Gillliand methods to estimate the minimum number 
of stages, the minimum reflux ratio, and the relation between the number of stages and 
the reflux ratio when one is specifi~d . The Winn equation .is a variation ofthe Fenske 
equation, wherein the relative volatility is not taken as constant, and is used to estimate 
the minimum number of stages. The Underwood equation is used for the calculation of 
the minimum reflux ratio. 

Winn :: ~ a,"- [ :: ] 

Where: di flow-rate of component i in the tops 
bi flow-rate of component i in the bottoms 
dr flow-rate ofthe reference component in the tops 
br flow-rate ofthe reference component in the bottoms 
Nm minimum number of stages at total reflux, including the reboiler 
al average relativity 
Rn minimum reflux ratio 
Xi,d con centra ti on of component i in the tops at minimum reflux 

and e is the root ofthe equation : 
aX J L 1 I . = l-q 
ai -() 

Where: Xi,f the concentration of component i in the feed, and q depends on the 
condition of the feed, as used in McCabe-Thiele diagrams. 

DSTWU also estimates the reboiler and condenser dut y's, as well as the optimum feed 
stage location. Murphree efficiencies are rather arbitrarily taken from comparable 
separations ref. 21, pg. 444. Column internals were selected on the basis of capacity, pressure 
drop, contacting area, column dimensions, efficiency, and costs. 

Sizing calculations 
Mellapak structured packing, supplied by Sulzer Chemtech, are employed in the 
absorbers and strippers. This structured packing has been employed in industry for over 
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20 years, in columns up to 12 m in diameter. The availability of data ref34 and a 
computer-modeling program for structured packings by Sulzer (SuiPack) allows 
reasonably detailed design. Sulzer Mellapak 250. Y is the most commonly available, and 
has been employed in the secondary absorber and both strippers (402, C401, C403). The 
higher temperature in the two strippers requires PVDF (max ISO °C), while PP can be 
used in the absorber (max IlO °C). The lower height equivalent to a theoretical plate 
motivated the choice for Mellapak 250.X for the primary absorber (pP packing) (CIOl) 
and the MEGIDEG separation column (CS packing, low pressure drop) (C302). 

The columns where pressure drop and/or contacting area are either smaller or less of an 
issue all employ conventional sieve trays. A tray-spacing of 61 0 mm was adopted as 
initial estimate ref. 20. 

Data for Sulzer structured packing ,with the exception ofHETP HETPsouree: ref. 34 , is 
available within Aspen, as weIl as experimental data for sieve trays, and thus Aspen can 
provide reasonabie detailed column designs. The calculations are based on vendor­
recommended procedures whenever these are available, as they are for Mellapak (Sulzer) 
and sieve trays (Fair) . These calculations can be done with the RADFRAC model, but 
are not available in the DSTWU model. The relevant equations may be found in the 
Sulzer literature ref34. 
Thus, this requires taking a preliminary DSTWU model for the number oftheoretical 
stages, and subsequently simulating the same separation with the rigorous RADFRAC 
model, because the DSTWU model does not support packing or tray design . This 
process is fairly simple when the results ofthe shortcut distillation are used as inputs for 
the RADFRAC model. 

As a simple check ofthe Aspen calculations, the Lowenstein equation (based on the 
Souders and Brown equation) was used to calculate column diameters for the sieve 
columns. 

Lowenstein: 

D = c 
JrpvUv 

Where: ûv maximum allowable vapor velocity, based on the gross column cross-
sectional area, [mis] 

It plate spacing, [m] 
De column diameter [m] 
Vw maximum vapor rate, [kg/sJ 

The results are show in the table below, and compared with the computer calculations. 
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T bI 81 C a e , ornnanson 0 f co urnn d' lame t ers 
Column · Dimensions: Lbwensteiri .. ,. .. .. 

diäm[mml diam [mm] · .. hëightf mm 1 .. 
C301 2770 6100 2589 
C404 1220 11582 1281 
C405 910 6100 972 

The relatively large diameter of the water removal column (C30 1) is understandable when 
one considers the operation of this column : the evaporation of relatively large amounts 
ofwater, while withdrawing MEG over the bottom. Perhaps an (multi-effect) 
evaporator might have been a better design. 

Ethylene oxide vapor is prone to polymerization and disproportionation, especially when 
rust with high surface area is available as catalyst. Therefore, stainless steel is employed 
in a number of columns, especially when the surface to volume area is high. 

Equipment datasheets for the columns are included in appendix 11, the Lowenstein 
calculations are included in appendix 16. 
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8.2.5. Heat exchangers 

Shell and tube heat exchangers are the most commonly used type of heat-transfer 
equipment in the chemical industries. 
This type of heat exchanger is chosen because of: 

• The large surface area it has in a small volume 
• The fabrication techniques are weil established 
• This type of heat exchanger can be constructed from a wide range of materials 
• The design procedures are weil established 

Most ofthe heat exchangers used in the process are fixed tube heat exchangers. The 
disadvantage ofthis type ofheat exchanger is the fact that it can only be operated at a 
relatively low shell pressure (8 bar). 

Design of the heat exchangers is carried out as described in Coulson & Richardson' s 
Ch . IE' . ref. 20 emlca ngmeenng . 
The log mean temperature difference (LMTD) was ca\culated with the formula: 

Where: inlet shell side fluid tell1perature 
out let shell si de fluid tell1perature 
inlet tube side tell1perature 
out let tube side temperature 

The overall heat transfer coefficients used based upon experimental data are presented in 
appendix 9. The overall heat transfer coefficients wh ere obtained from literature ref. 20, pg 

580-581. These coefficients together with the LMTD and the required heat duty are used to 
ca\culate the heat transfer area needed in an exchanger. 
The heat exchange area is then ca\culated in the following way: 

Where: Q 
U 
A 

heat duty (GJ/hr) 
overall heat transfer coefficient (W/m2K) 
heat exchange area (m2

) 

In the tables below the heat exchangers of the entire process are listed per section of the 
process. 
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TIl 82 H alc . cat cxc h f 100 angcrs In scc Ion 

N: 

••••••• 

Duty ·. Nümberof Area Tl.lbelength Tube Number 

•••••••• 

. (GJ/hr) exchangers per per diameter of tubes .. 

exchanger exchangers (m) per 
•• •••• •••••• (m1 (m) exchanger .. .... 

RI01 -193 .05 2 3464 8.00 0.044 6265 
E101 114.84 4 993 4.88 0.025 2589 
E102 184.64 2 1928 2.22 0.044 6265 
E103 -106.38 2 2276 1.31 0.044 6265 
E104 -106.79 4 825 4.88 0.025 2150 
EI05a -55 .68 1 477 2.44 0.025 2484 
E105b -85 .63 1 825 2.44 0.025 4301 

TI 8 H alle .3 cat cxc h . 200 angcrs In scctlon 

Na ... [JUty •• Nllmberof Area Tube .. Tube .Number ·· 
(GJ/hr) exchangers per · lengthper diameter of tubes · 

exchanger · ·exchangers (m) per 
.. . 

· 1· .. (m2
) (m) exchanger 

E201 -93 .99 3 983 4.88 0.025 2562 
E202 12.5 1 111 2.44 0.025 581 
E203 1.46 1 24 2.44 0.025 123 

TIl 84 H t h f 300 a IC. ca cxc angcrs In sec Ion 

Name Duty Number of Area Tube Tube Number 
(GJ/hr) exchangers (m2

) length diameter of tubes 
.... 

• •• ••• ••••• 
........ .... . .. (m) (m) .. 

E301 12.60 1 100 2.44 0.025 521 
E302 -15 .89 1 337 2.44 0.025 1756 
E303 32.00 1 148 2.44 0.025 772 
E304 -32.20 1 894 2.44 0.025 4662 

T1I85Ht h alc . ca cxc f 400 angcrs In sec IOn 

Na.me DtitY .. 
• •• 

Nl.lmberof . Area Tube. Tube Number .. (2) •..•.. .. (GJïlïr) .... .. ······h·· · ······ · Ï ength diameter ... of tubes ..... excangers . m .··· 
... (ló .. m · <Cm) 

E401 107.3 1 497 2.44 0.025 2589 
E402 -1.95 1 49 2.44 0.025 257 
E403 -16.69 1 431 2.44 0.025 2249 
E404 -4.89 1 67 2.44 0.025 350 
E405 18.00 1 143 2.44 0.025 745 
E406 7.31 1 51 2.44 0.025 265 
E407 -8 .28 1 52 2.44 0.025 272 
E408 -2.68 1 48 2.44 0.025 251 
E409 -14.89 1 188 2.44 0.025 979 
E410 5.70 1 26 2.44 0.025 138 
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When the area ofthe heat exchanger is known (calculated in the way described above) a 
tube length and diameter can be calculated. A diameter of 1 inch (2.54 cm) is usually 
chosen, because of its wide availability. The tube length is then chosen as a multiple of 
2.44 m. (2.44 m or 4.88 m) because this is an industrial standard. Tube length, diameter 
and required area then determine the number of tubes. 

The area per tube, the number of tubes and the shell diameter are calculated with the 
formulas below 

Where: 

A1ube = 7r . d 1ube • L 

N=~ 
I A

1ube 

I 

D, =d{~J' +05 do 
area per tube (m2

) 

tube diameter (m) 
tube length (m) 
Number of tubes 
Tube bundIe diameter (111) 

For sizing the reaction section ofthe reactor two aspects play a role : the reaction volume 
necessary and the heat transfer area necessary. The heat transfer area resulting from 
reaction volume calculations are sufficient for the reaction heat transfer. 

The preheating and cooling zone ofthe reactor (EI02 and EI03) have some constrains 
determined by the reactor design . The number of tubes as weil as the diameter and the 
tube pitch are the same as for the reaction section, because these three operations 
(preheating, reaction and cooling) are integrated in the same equipment. For the preheat 
section another design constraint is set by the available steam from the reaction section. 
This leads to design calculations by which only the tube length determines the area of 
heat exchange. The heat transfer coefficients are shown in tables 8.1-8.5. These together 
with the required heat duty, determine the tube length ofthe preheating and cooling 
sections. 
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8.2.6. Vessels 

In the design of all knock out vessels, two main factors are of influence. First, the 
velocity of the vapor escaping the liquids and the liquid volume in the drum, and 
secondly, the velocity of the gases escaping the liquids must be lower than the gas 

I · I ld' h h c. 11' . ref20 pg 410 ve OClty, as ca cu ate WIt t e 10 owmg equattOn ,. . 

Where: 
eL 

Uv =0.035* -
Pv 

Uv = maximal gas velocity 
PL = density of the liquid phase 
pv = density of the gaseous phase 

[mis] 
[kg/m3

] 

[kg/m3
] 

The reason for this is that small liquid droplets that are always present should be able to 
settle down into the liquid phase. When the gas velocity is too high, small droplets are 
entrained with the out flowing gases. 

This minimum velocity is then used to calculate a minimum cross sectional area for the 
vessel. Also, a disengagement height should be provided above the liquid level. This 
height is taken to be as high as the vessel diameter. The liquid level will depend on the 
hold-up time required for smooth operation and control, typically five minutes would be 
allowed and is thus used in this design. All calculations are presented in appendix 13 

The streams flowing through all vessels is non-corrosive nor contains EO, hence, carbon 
steel suffices as construction material for all vessels. The characteristics of all vessels are 
presented in table 8.6. 

VIOI Steam drum Vertical 35.6 
V102 Steam drum Vertical 27.7 
V301 VIL se Vertical 1.2 
V302 VIL se . Vertical 11.1 
V401 VIL se . Vertical 1.1 
S201 C02 Flash drum Vertical 131.9 
S202 Flash drum Vertical 0.9 
S301 C02 flash drum Vertical 0.8 

8.2.7. Pumps and compressors 

H~îgïtt .. . plä.fu~ter < 
••.•.•.• >j1'l •••• ·.t .iU\ ffi ••• ··• i ) 

4.5 3.2 
3.7 3.1 
1.3 1 
2.8 2.3 
0.7 1.4 
8.8 4.4 
1.1 1.0 
1.0 1.0 

The process-fluids to be transported by pumps have such properties and conditions that 
normal centrifugal pumps can be applied . Viscosities are not to high and only ifthe flows 
are very small (as for pumps P202, P304, P402) positive displacement pumps are applied. 
In all other cases centrifugal pumps are used. 
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The power ofpumps is caJculated with the formulae shown below. Some ofthe 
calculations are done by Aspen, which also caJculates efficiency. For transport pumps not 
calculated by Aspen the equations below are used with an efficiency of 0.72. 

Where: 

P'heoretical = ÇJv .11p 

P = 1] . P'heoratical 

P: Power [w] 
<Pv: Volume flow [m3/s] 
i1P : Pressure change [Pa.] 
11 : Efficiency 

The compressors are mostly rotary compressors, chosen with regard to the moderate 
pressure changes and the moderate to large flows . The two compressors used for the 
vacuum operation ofthe MEG purification columns (C301, C302) are liquid ring pumps 
ref21, pg. 149, because normal rotary compressors cannot provide low pressures on the 
suction side, but are designed to provide higher pressures on the discharge side. 

The power ofthe compressors is caJculated with the use ofthe equations bel ow. For the 
efficiency of compressors 0.72 is used . Aspen, using the thermodynamic chosen model 
described in chapter 4, caJculates all powers. 

Where: 

P2 1 
P;sentrop;c = f..:...op 

P,p 

P = 1] . P;scntrop;c 

P: Power [w] 
11 : Efficiency 
p: Density [kg/m3

] 

p: pressure [Pa.] 

For protection ofthe compressors knock-out drums are placed upstream ofthe 
machinery. Both pumps used for transportation ofthe liquid effiuents ofthe MEG 
reactors (P205, P305) also have a vessel upstream to prevent possible vapor bubbles 
entering the pumps. Although these vessels are not concluded in this conceptual design 
they are mentioned here. 
Since EO attacks most organic compounds, care must be taken in the choice of seals and 
gaskets. 
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9. Wastes 

In this chapter the wast es produced by the process will be described . 'Waste' covers all 
compounds/utilities/streams produced, which do not belong to the products. These are 
summarized in table 9 . 1. 

Table 9.1 Overview of the direct wastes LI...D I1 W.l Ok ~O I 

Wastes . n ---j (JO~ JJf/O < ·iil. y , S(te!fm number \{' \{(i.-f 
:: '" 131 .. . .. .. kglll .' 118 132 . 308 . ··· 313 309 418 total (kg/h) 
. .. . 

State V V L V L L L 

EO 0.001 0.1 0.13 

MEG 0.045 53.5 25.7 2.9 82.13 

Ethylene 828 .899 0.1 828.96 

Water 1.817 850.8 586.4 3085.4 trace 383.9 4908.37 
Methane 1446.098 0.0 1446.10 

Oxygen 232.753 trace 232.75 
Argon 56.583 trace 56.58 
EC 0.006 5.1 0.4 5.49 

CO2 465.668 9406.0 565 .5 10437.12 
" DEG trace 179.0 0.0 179.01 

Aldehydes trace - trace 0.1 

-~~-iITfien 'Sf at form the ma'or art ofthe- wa'StëSare: èè-ntamiOäfë' wa er 
~ 

mp J p 
methane, ethylene, oxygen and CO2, in the liquid or vapor phase. The vapor wastes 
consist mostly of ethyl ene, methane, carbon dioxide, and oxygen. The liquid wastes, 
consist mostly of water contaminated with aldehydes, ethylene carbonate, MEG ,and 
DEG. 

The vapor wastes are flared. This will result in large amounts of carbon dioxide 
discharged to the atmosphere (C02 from the process and CO.2 from 'combustion of the 
ethylene and methane wast es in the flare). Also some carbon monoxide resulting from 
c~tion ~ e.1hylene .an~!ba~ i~ discharged into the atmosphére. ' . 
The carbon dioxide resulting from ~aring t~ et~len~nd niethane willJesult in 
approximately 50 kt/a extra CO2. Hence, the total CO2 discharge will be approximately 
134 kt/a. Reduction ofthe CO; 'produced by the process is impossible with current 
technology. Only the development of EO catalysts with higher selectivity would aid in 
this, but this cannot be expected from the current generation of catalysts . 

The liquid wastes are purged JO the surface water For components such as MEG and 
DEG this is not a probiefTl, because they biodegnlde easily. Furthermore, b~th 
components can effectively be treated in conventional wastewater tre<l:tment facilities. 
Aldehydes have a 'more substantial influence on the environment, but the amounts of 
aldehydes purged are very low; hence further treatment is not necessary before 
discharging. 

total (t/a) 

1.05 

657.06 

6631.66 

39266.95 
11568.79 

1862.02 
452.66 
43.90 

83496.94 

1432.04 

0.9 _ .... 

~ -~ 

Little EO is discharged as waste. EO is ,a hazardous chemical for enviro nd 
human health (MAC: 90 mglm3

, LCsofish: 57-274 mg/I ref. 31) . Trace a ounts will ti 
discharged via the vapor phase. These sm all amounts will combus In the flare and 0 not - . ' 
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form a problem to health or the environment. The largest part of the discharged EO is in 
the liquid phase (dissolved in water) . The concentration of EO in the purge stream <418> 
is about 26.7 mgll. This value is far under the LC50 value for fish . Furthermore when 
discharging this stream to the surface water this c9ncentration win rapidly decrease ~ 
(diluted by the Iiquid purge streams <132>, <313>;<309> and by the surface water ) 
itself). ~. -
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10. Process Safety 

~ 
10.1. Hazards of the Chemicals ./ V 
The EOI1v1EG process is inherently unsafe because of the use of dangerous chemicaIs. 
Ethylene, methane, EO and tv1EG are all flammable and even explosive substrates, which, 
especially in the presence of oxygen, present a profound hazard. Data concerning fire and 
explosive limits of EO, ethylene and methane are presented in the tables below. 

-2-
~ 10 

21.6 
425 400 

0.28·1 
1. 

As can be seen in these tables, it is ofutmost importance to keep the concentration of EO 
and ethylene below 2.7 mol% or 4 m~ss% . To achieve this low concentration in the 
reaction gases a carrier gas is needed. For its superior heat capacity and stability methane 
is chosen as a carrier gas over ot her possible carrier gases such as nitrogen or other inert 
gases. The use of methan'e, however, requires a minimum concentration of this gas, 16.0 
mol%, because ·of its flammability Fmits. During normal operation the methane ::;:-c. 

_,..{ con.centration is ~Iways sufficie~t; however, this con~entration should be monitored 
~ ~ 1 dunng startup and shutdown procedures. 

The polymerization and disproportionatiop, as weil as decomposition, of EO, especially 
when catalyzed by iron oxide in stagnant liquids and at raised temperatures, is a major 
hazard. The use of proper materials and the purging equipment with inert gases such as 
nitrogen aft er c1eaning can minimize the formation of iron oxide. 
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10.2. The Process Safety 

1 0.2.1.The EO reactor 

Prevention of the presence of an explosive EO mixture is of the utmost importance in the 
EO reactor. This can and should be monitored by analyzing reactor inlet concentrations 
as weil as reactor outlet concentrations of all substances. Some possible causes for a too 
high concentration of EO are listed bel ow: L -/ _ f 
• The methan@-~s too ~.(ÁWF..e...e.J ~-{ -~ .~, -
• The ethylene and oxyger(~too ~. ~~ . 
• The gas purge is too high aeêreasing the amol!.nt of loop gas,_ raising reactant - . ~ 

concentrations. -
• If EO is present in the reactor influent. Most probable reasons for EO at the reactor 

inlet are: 
• EO absorber (CIO!) failure - incomplete EO absorption 
• MEG reactor (R20 I) failure - incomplete conversion of EO 
• EO absorber (C402) failure - incomplete EO absorption 

The faJlure of pne of the absorbers may occur when problems with the absorbent feed 
arise, for instance, not enough absorbent throughput. Placing a hold-up vessel before 
each absorber, or perhaps using a shared vessel for the two absorbers, can reduce this 
risk. Also the operation of pumps PlO land P204 is critical for the proper operation of 
the absorbers, and therefore they are spared. 
The use of analysis controllers warns the operators wh en the gas mixture approaches 
explosive limits. 

10.2.2. The oxygen mixing station 

In the oxygen mixing station explosive limits are locally exceeded. Unfortunately this can 
not be avoided, only minimized by use of proper mixing equipment. A gas analyzer 
placed behind the mixing station will monitor the gas composition, warning of the 
possibility ofthe occurrence of explosive gas compositions behind this mixing point. 
Because ofthe potential risk of explosion the mixing station is placed inside a concrete 
bunker. fv-t~ 4.. ~ I . 
- - -0 • 

1 0.2.3.The carbonate and hydrolysis MEG reactors 

The concentration of chemically explosive gases in the carbonate reactor is low enough 
to make potentially dangerous situations improbable. A decrease in available absorbent 
could result in relatively higher gas flows and concentrations, but this situation can only 
occur wh en the primary EO absorber (C I 0 I) fails, and the results hereof are addressed 
elsewhere. In the hydrolysis reactors explosive dangers are avoided by the absence of 
oxygen and EO. 
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10.2.4.Piping 

One potential hazard concerning the use of carbon steel for pi ping is the formation of iron 
oxide. EO in vapor form can react exothermally to form ethyl ene, hydrogen and CO2 

easily wh en catalyzed by iron oxide. When this occurs local temperatures can exceed the 
decomposition temperature of EO. This has been the reason ofmany industrial accidents 
with EO ref.3!. For this reason all piping through which EO in vapor passes should be 
stainless steel, or other ways protected. 

10.2.5.vessels 

Both steam drums VlO I and VlO2 present a hazard because ofthe large amounts of 
potential energy stored in the high temperature liquid water. A boiling liquid expanding 
vapor explosion (BLEVE) should be prevented. Overfilling ofvessels, a main reason for 
the occurrence ofBLEVEs, must be monitored carefully. The grounding ofvessels, 
isolation from potential fire hazards, and the use of pressure relief devices help reduce 
this risk. In this design a liquid level controller is also installed. Further consideration of 
safety implementations are beyond the scope ofthis design. 

10.2.6.Columns 

The operation ofthe main EO absorption column (ClOl) is critical for the stabie 
operation ofthe complete plant. Therefore this column should be carefully monitored 
because off-normal operation creates build up of chemicals in many streams creating 
potential dangerous situations. Also the EO heavy ends separation column (C404) is 
potentially dangerous because ofthe high EO concentration in the column and top 
stream. Explosion limits are unfortunately exceeded here but can under no circumstances 
be avoided because pure EO is one ofthe end produets ofthis plant. The exceeding of 
explosion limits here justifies under no circumstances the exceeding of explosion limits in 
other places. 
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10.3. Dow Fire & Explosion Index Analysis 

The Dow Fire and Explosion Index (F&EI) analysis provides key information to help 
evaluate the overall risk from fire and explosion for a design. The caIculations are based 
on quantifiabie data, resulting in realistic maximum losses that could actually be 
experienced under the most adverse operating conditions, instead of theoretically based 
risk figures. After caIculating the F&EI, caIculations can be carried out resulting in the 
maximum probable property damage (MPPD) and the business interruption (BI), as weIl 
as other safety related results. A proper F&EI analysis requires a complete process flow 
sheet and replacement costs of equipment, as weil as the F&EI publications ref. 30 

The procedure to be followed basically requires taking one pertinent part of the 
manufacturing unit (a process unit), consisting of, for example, a reactor and its 
peripheral equipment, and taking the single most hazardous chemical in the unit. In 
general, the most hazardous chemical should be present in more than 5% concentration. 
When these parameters have been set, all aspects ofthe chemical and process units are 
factored into a final F&EI, as shown below. 

F&EI = General Process Hazards Factor (F 1) x Special Process Hazards Factor 
(F2) x Material Factor (MF) 

The process units and chemicals this analysis has been carried out for are shown in table 
10.3 

EO purification column EO 29 2.9 84 moderate 
C403 
MEG purification columns MEG 5 1.8 9 light 
C301 and C302 

The relation between degree of hazard and the F&EI range is shown in table 10.4. 

The computation ofthe various factors is based on the conceptual design presented in 
this report . These caIculations only consider the aspects that have been implemented in 
the design up to this point and issues that are so obvious that they can be considered in 
these caIculations without serious deliberations. For example, drainage and access for 
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emergency services are not included, but the presence of EO in the reactor gas mixture is. 
This approach is considered to be the most valid at this point. Basic technological insight 
is required at every step to ensure reasonable and usabie results. 
Such results as the business interruption (BI) were also considered beyond the scope of 
this document. 

All calculations and results are included in appendix 14. 
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11. Economy 

In this chapter an estimate for the total costs for the EOIMEG plant (CAPEX) as weil as 
an estimate for the operating expenses (OPEX) are calculated. 

11.1. Fixed Capital 

Fixed capital is the total costs ofthe plant ready for start-up. It is the cost paid to the 
contractors. It includes the costs of: 
• Design, and other engineering and construction supervision. 
• All items of equipment and their installation. 
• All piping, instrumentation and contral systems. 
• Buildings and structures. 
• Auxiliary facilities, like land and civil engineering work. 

The equipment costs are calculated as accurately as possible using costing data fram 
various sources. The costs of all other items in the previous list are estimated using the 
Lang factorial method ref. 20, pg 219. This means they are calculated as a fraction of the 
purchased equipment costs. It is therefore important to have an accurate estimate of the 
purchased equipment costs to prevent huge build-up of errors. 

11.2. Estimation of Purchased Equipment Casts 

Because the cost of purchased equipment (PCE) is used as the basis of the factorial 
method it must be estimated as accurately as possible. Many sources for equipment cost 
data are available, especially the journals Chemical Engineering and Hydrocarbon 
Processing publish costs lists on a regular basis. The problem with these lists is that fairly 
accurate knowledge ofthe size, shell thickness, construction material, etc ofthe 
equipment is necessary. Usually this accuracy is not included in a conceptual design. 
Fortunate1y, other methods are available. For the EOIMEG plant PCE Coulson and 
Richardson's Chemical Engineering re

f.20 is used, ex cept for the costs of heat exchangers 
and reactors for which the Conceptual Cost Estimation Manual is used ref. 25 . The Cost 
Estimation manual is used because the data from Coulson & Richardson's was not 
detailed enough for areasonabIe estimate of these costs. The costs in both sources are 
not given in 1999 US dollars. To convert data from both sources to US dollars in 1999 
an exchange rate of 1.6 $/f is used . Furthermore, an index of 1.04 is used for the 
devaluation of money each year. 

The calculations are inc\uded in appendix 15 and result in the equipment costs tabulated 
in table 11. 1 : 
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T bi 111 E . a e . cqUlpmcnt costs 

Equipment Costs Time base 

Total columns costs k$ 1,836 1999 
Total heat exchanger casts k$ 8,995 1999 
Total compressor casts k$ 2,050 1999 
Total pump costs k$ 556 1999 
Total reactor costs k$ 8,872 1999 
Total vessel costs k$ 136 1999 
C102 C02 removal system k$ 7,000 1999 

Total purchased equipment costs (PCE) k$ 29,310 1999 

11.3. Calculation of Fixed Capital 

As mentioned before, the fixed capital is estimated by multiplying the peE with a Lang 
factor. This means that fixed capital costs are ca\culated using formula: 

Where: fixed capital costs 
the Lang factor 
costs of all major equipment 

For a predominantly fluids processing plant, as the EOIMEG plant is, a Lang-factor of 
4.7 is usually taken. To make a more accurate cost estimate, the cost factors that are 
compounded into the Lang-factor can be considered individually. The direct-costs items 
included in the fixed capital in addition to the costs of all major equipment and their 
individual Lang factor are demonstrated in table 11 .2. 
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uildings, process 

Site development 1,465 

14,655 

4,396 

physical plant costs 
PCE*(fl+ .. +f8) 

f9 Design and engineering 28,577 

flO Contractor' s fee 4,763 

Contingency 9,526 

Ixed capital 138,12 

With this detailed cost estimation, a Lang factor of~ is compouc?~~The values given 
above are derived from historical co~t data for fluios type processe\/Historical data 
solely from EOIMEG facilities is tfnfortunately not available. 

E _,Dlc, Î, ir~k (J. 
11.4. Comparison ~ ~_. ---

A comparison ofthe cost-s'ofthis design to designs licensed by Scientific Design is 
presented in table 11.3 The SCientifi~c esign EO process values are based on a 
production of solely 00 000 tja EO ef 3 and the Scientific Des~OIMEG proce~ 
values are based o l a production of s . y 4~0,000~t/a ofME~Thè value~, of~ 
des'g re base~ J n a production of 10.0,000 tja EO and 200,000 t/a MEG. It seems 
strange hat thif:,~sign consumes 28 kt/a of steam and bot~ Sci~ntific Design processes 
rm;~l'Ce steam. The reason for this is that the se\ectivity ofboth Scientific Design 
processes is approximately QJ1 mol EO/mol ethylene, and this design has a selectivity of 
86%. The heat generated by the combustion ofthe extra ethyl ene produces 
äpproximately 375 kt of steam per annum. This leaves a difference of approximately 75 
kt/a between the EOIMEG plant of this design and the Scientific Design EO and MEG 
designs - that is, all three processes produce an excess of steam, but the SD designs 
produce more. A possible explanation is that the design described in this document is 
based on the production of both EO and MEG, while the designs it is compare<j..J<Y ~ 
produce either EO or MEG. ~{/V 
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T bi 113 C a e . ompanson 0 f f d t cos lOg a a 
c:àtegp!y . ". Thisdesign ...... . ..• . Scientific Design . .. ScieritificDesign .. 

: .. 

.. EO process EOIMEGprocess 
Production 100 kt/a EO 200 kt/a EO 400 kt/a MEG 

200 kt/a MEG 
PCE 29.3 mil. USO 39.9 mil. USO 63 .0 mil. USO 
Raw materials E + O2 377.7 kt/a 359 kt/a 523 kt/a 
Electric power 69.8 *106 kWh 31.9 *106 kWh 85 .7 *106 kWh 
Cooling + chilled water 79.9 mil. tJa 65 .6 mil. t/a 95.7 mil. tJa 
High Pressure Steam 280 kt/a - 197 kt/a (EOR) -169 kt/a (EOR) 

11.4.1 .0perating casts 

The costs of producing EO and MEG can be divided into two groups: 
Fixed operating costs, costs that do not vary with the production rate 
VariabIe operating costs, costs that do vary with the production rate 

Fixed costs inc\ude 
• Maintenance (labor and materiaIs) 
• Operating labor 
• Laboratory costs 
• Supervision 
• Plant overheads 
• Capital charges 
• Rates (and other local taxes) 
• Insurance 
• License fees and royalty payments 

Variable costs include 
• Raw materials 
• Utilities 
• Shipping & packaging 
• Miscellaneous operating materials 

Raw material and utility costs are easily ca\culated from flow sheet data. The only 
problem occurs with the catalyst costs. The costs listed in table 11.4 are costs of fresh 
catalyst per year, although the used silver as weil as the ion exchange resin MSA-l can 
probably be easily regenerated. The costs of this regeneration is unknown and therefore 
this option is not taken into account. 
Miscellaneous materials are materials required for operation ofthe plant but not inc\uded 
in maintenance and raw materiaIs, such as safety c\othing, gaskets, etc . 10% of the 
maintenance casts is used as estimate far these casts. 
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Shipping and packaging is not a large factor in the EOIMEG plant; in this design they are 
neglected. 
For the operating labor only personnel directly involved with plant operation is taken into 
account. Plant personnel costs approximately $3000 per person per month, 20 persons 
per shift with 5 shifts a day th en co mes to the total operating labor. 
The other fixed costs are calculated as a percentage of the fixed capita!. Historical data 
was again used to determine those percentages. 

Tablc 11.4 OJlcrating costs 

Fixed capital (Fe) k$ 138,121 

Raw materials price use 
Ethylene 520.00 $/ton 193,198 ton k$ 100,463 
Oxygen 50.00 $/ton 184,584 ton k$ 9,229 
Methane 120.00 $/ton 11 ,592 ton k$ 1,391 
Methylene chloride 750.00 $/ton 12 ton k$ 9 
Water 2.50 $/ton 65,143 ton k$ 163 
Catalyst EO reaction, alumina carrier 10352.94 $/m3 42 m3 k$ 435 
Silver for catalyst 5.18 $/ounce 176,056 ounce k$ 912 
Catalyst based on OOW MSA-1 11764.71 $/m3 327 m3 k$ 3,843 
Tatal raw materials k$ 116,445 

Utilities 
Chilled water 0.21 $/ton k$ 5,323 
Cooling water 0.02 $/ton k$ 1,090 
Steam 9.28 $/ton k$ 2,59.,5 , 
Electricity 0.04 $/kWh 69,823,689 kWh k$ 2,793 
Tatal Utilities k$ 11,801 

Miscellaneous materials 10% of maintenance k$ 1,381 
Maintenance 10% of fixed capital k$ 13,812 
Operating labour k$ 2,700 
Laboratory costs 20% of operating labor k$ 540 
Supervision 20% of operating labor k$ 540 
Plant overheads 50% of operating labor k$ 1,350 
Capital charges 15% of fixed capital k$ 20,718 
Insurance 1 % of fixed capital k$ 1,381 
Local taxes 2% of fixed capital k$ 2,762 
Royalties 1 % of fixed capital k$ 1,381 

Annual praduction casts k$ 174,812 

11.5. Profitability Measures 

Several profitability measures have been calculated for the EOIMEG design . In order to 
do this a few assumptions are made. The total investment is the earlier calculated fixed 
capita!. It is assumed that this will be paid at the beginning of plant operation, e.g. the end 
ofyear o. 
When plant life is taken to be 15 years, and the time value of money discount rate 10%, 
the net present worth of future earnings is 400 million dollar, or 2.9 times the original 
investment and the payback time is just under 2.5 years. 
When a plant life of 15 years is assumed the discounted cash flow rate of return 
(DCFRR) is 51 %. When a plant-life of 1 0 years is assumed the DCFRR is 38%. The 
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DCFRR is a measure ofthe maximum rate that the project could pay and still break even 
at the end ofthe project life. The DCFRR provides a useful way of comparing the 
performance of capital for different projects, independent of the amount of capital used. 

Table 11.5 Summary and data for profitability measures 

Investment Operating Forecast sales Net cash flow Cumulative Discounted Cumulative 
costs cash flow cash flow at discounted 

(Net Future 10% cash flow (Net 
Worth) Present 

Worth) 
k$ 138,121 k$ - k$ - k$ -138121 k$ - 138,121 k$ - 138,121 k$ - 138,121 
K$ 1<$ 174·,.§J2 

lre; :...--
~ 70.,755 ~$ - 67,366 k$ 64,323 k$ - 73,799 _ .. ~ ...... , ..... ... ... , .. --. 

1~245,;~ 
k$ - k$ 174,812 24~567 k$ 70,755 k$ 3,389 k$ 58,475 k$ - 15,323 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 74,144 k$ 53,159 k$ 37,836 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 144,899 k$ 48,327 k$ 86,163 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 215,654 k$ 43,933 k$ 130,096 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 286,409 k$ 39,939 k$ 170,035 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 357,164 k$ 36,309 k$ 206,344 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 427,919 k$ 33,008 k$ 239,352 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 498,674 k$ 30,007 k$ 269,359 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 569,429 k$ 27,279 k$ 296,638 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 640,185 k$ 24,799 k$ 321,437 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 710,940 k$ 22,545 k$ 343,982 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 781,695 k$ 20,495 k$ 364,477 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 852,450 k$ 18,632 k$ 383,109 
k$ - k$ 174,812 k$ 245,567 k$ 70,755 k$ 923,205 k$ 16,938 k$ 400,047 

Tahle 11.6 Financial scenarios for the EO/MEG Jlrocess 
End Project NPW Project NPW Project NPW Project NPW J?rójeCf"NPW Project NPW 

of at 55% at 51% at 45% at 40% ( at 38% ) at 35% 
Year discount rate discount rate discount rate discount rate discount fate discount rate 

(15 years) (15 years) (15 years) (10 years) kio \ s) (10 years) - , 

0 k$-138,121 k$ - 138,121 k$ - 138,121 k$ - 138,121 k$ - 138,121 k$ -138,121 
1 k$ - 92,473 k$ - 91,264 k$ - 89,325 k$ - 87,582 k$ - 86,850 k$ - 85,710 
2 k$ - 63,022 k$ - 60,232 k$ - 55,672 k$ - 56,373 k$ - 54,110 k$ - 50,502 
3 k$ - 44,022 k$ - 39,682 k$ - 32,463 k$ - 37,237 k$ - 33,309 k$ - 26,914 
4 k$ - 31,764 k$ - 26,072 k$ - 16,457 k$ - 25,604 k$ - 20,172 k$ -11,161 
5 k$ - 23,855 k$ - 17,059 k$ - 5,418 k$ - 18,608 k$ -11,935 k$ - 678 
6 k$ -18,753 k$ - 11,090 k$ 2,195 k$ - 14,458 k$ - 6,814 k$ 6,270 
7 k$ - 15,461 k$ - 7,137 k$ 7,445 k$ - 12,041 k$ - 3,666 k$ 10,853 
8 k$ - 13,337 k$ - 4,519 k$ 11,066 k$ - 10,667 k$ -1,758 k$ 13,858 
9 k$ -11,967 k$ - 2,785 k$ 13,563 k$ - 9,913 k$ - 621 k$ 15,816 
10 k$ - 11,083 k$ - 1,637 k$ 15,285 k$ - 9,521 k$ 39 k$ 17,082 
11 k$ - 10,513 k$ - 877 k$ 16,473 
12 k$ - 10,145 k$ - 373 k$ 17,292 
13 k$ - 9,907 k$ r ;(/'; k$ 17,857 
14 k$ - 9,754 k$ Dk$ 18,246 
15 k$ - 9,655 k$ 327 k$ 18,515 

V 
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11.6. Sensitivityanalysis 

As can be seen in table 11 .6, using current EO and MEG prices the EOIMEG process is 
economically viabie. However, it is based on current EOIMEG prices and estimated 
EOIMEG production rates. Without going too deeply into the matter, possible future 
scenarios are disappointing production rates, decrease of sales prices, increase of raw 
material prices, etc. 
The cash flow is a very important measure of profitability. lts calculation is also very 
easily made. Therefore in the following analysis this is taken as the main measure for 
profitability. 

Table 11.7 Sensitivity analysis (only ethylene, oxygen and methane have been considered as raw 
materi:lIs) 

OP~ --- Sales Cashflow 
Normal case 1<$ 174,812 '$ 245,567 k$ 70,755 
Production decrease of 10% ~ 1L4.,.M2' k$ 221.,010 k$ 46,198 
Sales price decrease of 10% k$ 174,812 k$ 221,010 k$ 46,198 
Sales price and production decrease of 10% k$ 174,812 k$ 198,909 k$ 24,097 
Raw material price increase of 10% k$ 185,920 k$ 245,567 k$ 59,647 
Sales price and production decrease of 10% k$ 185,920 k$ 198,909 k$ 12,989 
and a raw material price increase of 10% 

In all cases the cash flow remains positive, not accounting for taxes, costs of loans, etc. 
This means the process is still making money. The process is thus very stabie. 
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~.c~z:~~( 
12. Conclusions and Recomme dations 

This document presents the concept design of an EOt1v1EG manufacturing plant, 
producing 100,000 tja direct sal specification EO and 200,000 tja fibel. grade MEG. 
The design must be economi Iy and technologically feasible, based on state-of-the-art 
technology, while not di arding the value of proven technblogy. 
After literature rese , a Shell/CRl based EO production plant and a Mitsubishi 2-step 
MEG productio ant were selected. The most important advantages ~f such a design 
are high se!ectivity and minimal energy consumption. The absence of water as absorbent 
is responsible fo r' ~f!~ve~er:ID' u~g~ while the 2-step MEG productIon without large 
excesses of water ensureshigIlerSëleètlvity than conventional processes. Anti-freeze 
grade MEG or higher order ethyl ene glycols are not produced in any significant amount. 
At first sight, this design seems to consÜme a substantial amoi..mt of steam compared to 
other designs by Scienti ï:esign which produce a large -amount of steam. This design I . • f 
was expected_t~produc tea~'ps weil. This differe~ce in steam produ~tion is due to a V:;: 
much lower /72% in the dd'igns vs. 86% of this design, selectivity and thus more ~ .I,)t.~'" 
ethyl ene, ombustion ofthose designs. ~ _ 

CIit r _ , 

The deliverables, a flow sheet simulation; mass and heat balances, major equipment sizing 
and cost estimation, and limited safety analysis, are all complete. The flow sheet diagram 
is included in appendix 1, mass and heat balances are presented in chapter 7, and the plant 
economics in chapter 11 . 

The fixed capital calculated is 138 million USO. Annual raw material costs are 116 
million USD. Annual utility costs ar.e 12 million USp. Total a~nual ro uctio casts are 
175 millLon USO. Income from the sales of EO and MEG products is 2 .. n USD 
annually. The annual margin is thus 71 million USD; this results in payb tIme of just 
under 2.5 years, a 'sound economic plan. A stability analysis shows that possible 
fluctuations in prices and production do not have lethal influence on the economic 
prospects of this design. 

Most information contained in this conceptual design is base either on basic engineering 
insight, or information available in the public domain, nota y patent literature for the 
manufacturing processes. AIthough such literature and i ight may occasionally not be 
wholly true, much effort has been made to verifY the in rmation that has any significance 
for this design . Therefore, the designers feel that the oncepts herein laid out are a good 
basis for a detailed design. 

Cl 
'D~~. -

" 1.1v.-J/e/~ ? 
Ra ~-::-

, 
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- 13. List of Abbreviations 

- BFW Boiler feed water 
BOD Basis of design 
CAPEX Capital expenses - CW Cooling water 
CHW Chilled water 

11 DCFRR Discounted cash flow rate of return 
DEG Diethylene glycol 
EC Ethylene carbonate - EG Ethylene glycol 
EO Ethylene oxide 

11 
EP End point 
F&EI The Dow Fire and Explosion Index 
HPS High pressure steam - HSS High selection switch 
IBP Initial boiling point 
LC Level controller 
LPS Low pressure steam 
MAINTEX Maintenance expenses 
MEG Monoethylene glycol 
Mmt Mega metric tons 
MPS Medium pressure steam 
Mt/a Millions of metric tons/year 
NFW Net future worth 
NPW Net present worth 
OPEX Operational expenses 
OSBL Outside battery limit 
PC Pressure controller 
PC Propylene carbonate 
POT Pay out time 
PRV Pressure relieve valve 
PVDF Polyvinylidenedifluoride 
PFD Process flow diagram 
RC Ratio controller 
ROl Return on investment 
ROR Rate of return 
tla Metric tons/year 
TC Temperature controller 
TEG Triethylene glycol 
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TC : T.mp.retur. eontrol.r 
PC : pr.ssur. eontrol., 
RC : Retlo eontrol4lr 
FC: FlOw eontrol.r 
FT : Flow m .. sur.nrensmll 
HSS: High ul.cllon $WIIeh 
CW: Coollng wet.r 

I 
CHW: Chln.d wllt.r 
RFW~ Rl 

Designers 

Frank Sheldon 
Flip K1eyn van Willigen 
RaoLl Boucke 
Menno Sorgednger 

PlO 1 

Project 

Section: 
Project 10: 
Completion dote: 
Stream r>Jmber: 

• • • • 

co, Purge 

CO, to MEG 
Reaction Section 

Water 

ges purge 

EO to MEG 
Reoction Sectlon 

• 

124 40\ EO to EO Purification 

Procen Flow Scheme 

Integrated MEG ond EO production trom ethytene ond plXified 
oxygen 
Ethylene Oxide Reoction Section 
CPD 3244 I P80511 CA30 
J8nuOry 1· 2000 
® Temperature (C): OL] Pressure (Bar): 0) 

• • 

r 
r 
~ 
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Reaction Water 

C02 from 
EO Reaction Section 

EO Feed trom 
EO Reaction Sec~on 

E201 : Prehuler R201 
E202: Prehealer R202 
E203: Prehealer R203 

• • • • • • • • • • • • • 

ril ~ 0 ~. @ 
.", 

i--

Un~ Operation summary 

P201 : EO Feed Pump 
P202: liquid phase Pump 5202 
P20): Water Pump 
P204: liQVid phut Pump S201 
P20S: Uquid phast Pump R202 

R201 : Carbona!e Reactor 
R202: Pri. MEG Reactor 
R203: Sec: . MEG Ructor 
5201 : C02 Flashdrum 
5202: Flashdrum 

Efhylene Oxide and Efhylene Glycol trom Efhylene 
MEG Reaction Section 

Abbreviation. 

TC: Temp.r_ut. control.r 
PC: Pr.ssur. controler 
Re: RMlo controte' 
Fe: FloW controle' 
FT: Flow rMtsUfIAransmft 
HSS: High s,leetlon IWtIch 
CW: COOIInq wat.r 

I 
CHW: Chm,d wat.r 
BFW: B~ 

Designers 

Frank Sheldon 
Flip Kleyn van WiHigen 
Raoul Boueke 
Menno Sorgedrager 

Project: 

Section: 
Project ID: 
Completion date: 
$tream number: 

• • • 

(g,>-----, 

Proeen Flow Scheme 

• • 

CO,to 
EO Reaction section 

CO,to 
EO Reaction Section 

V-effluent to 
MEG PlXification 

L-effluent to 
MEG Purification 

Absorbent to 
EO Reaction Section 

Absorbent to 
EO Purification Section 

Integr.ted MEG and EO production trom eth)1ene ond plXified 
oxvgen 
MEG Reaction Section 
CPD 3244/ PB0511 CA30 
January t· 2000 
QE) Temperature (C): O[:J Pressure (6ar):0 

• • 

r 
'h, r 
~ 
~ 
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Ethylene Oxide and Ethylene Glycol trom Ethylene 

MEG Purification Section 

• • • • • • 

r---------------------------------------------~Q0~----------------------------------~ CO, To EO 
Reoction Section 

V-Effluent trom @ I -d 
MEG Reaction Section 11 \: \: " \: \: ~ 

L-Effluent trom 
MEG Reactien Section 

CJ01 : Waltr Removal 
Cl02: MEG Purificalion 
E301: Reboiler CJOl 
E302: Condenser CJOl 
E303: Rebo~er CJ02 
E304: Condenser C302 

Unit Operation .ummary 

K301 : Vacuum compressor CJ01 
K302 : Vaeuum compressor C302 
PlOl : Reb pump C301 
P302: Reftux pump C302 
PlOl: MEG Pump 
P304: Hu..y component Pump 
PlOS: Raw MEG Pump 

5301 : C02 Flut\dn.m 
\1301: Vil Seperator CJOl 
V302: VIL Seperator C302 

:-®------

AbbreviaUons 

TC: T.mp.ratute contrcHef 
PC: Pr.ssUf. controI., 
RC: Ratio control., 
Fe: Flow control.r 
FT: Flow m .. sur."r.nsmll 
HSS: Hlgtt .. 1,cIlon switch 
CW: Coollng wille, 

I 
CHW: Chlll,d wat.r 
BFW: BoittL .r •• d wat. 

, j 

Oesigners 

Frank Sheldon 
Flip K1eyn wn Willigen 
Raool Boucke 
Menno Sorg~drag~r 

~ 

CO,Water 
Aldehydes (V) 

Water 
Aldehydes (L) 

Discharge gas 
vacu..m cok..mn 

MEG 
(Fiber grode) 

----~ --~® --------'~ 
Heavy 

Components 

Project: 

SectIon: 
Project ID: 
Completen date: 
Stream 1"IlJI'T'ber: 

" 
Absornent T 0 

EO Reactien Section 

Process Flow Scheme 

Integrated MEG ond EO producten trom ethylene ond purified 
oxygen 
MEG PlX1fication Section 
CPD 3244/ P80511 CAlO 
Ja",ary I" 2000 
~ Temperature (C): DlO Pressure (Sar): 0 

• • 

f 
~ 
f 



Absort>ent trom 
MEG ReoC1ion SeC1ion 

EO From 
EO ReaC1ion Section 

C401 : RilW EO Stripper 
C402: Sec. EO Ab~orber 
CA03 : Sec. EO Stripper 
C404 : Heavy end Seperiltor 
C405: light end Seperator 
E401 : Reboiler C401 
E402: Post-Cooler 1<.401 

.12' 

"401 

Ethylene Oxide and Ethylene Glycol from Ethylene 
EO Purification Section 

CN 

"'40l 

.1. 

"'''01 

Loop Gas to 
EO Re.C1ion SeC1ion 

Purlfled EO 

Heavy 
C~onents 

4:~~--------+-'<0, 
Absortlent to 

EO Reaction SeC1ion 

1"401 

Untt OperatIon lurnmary 

E403: Post-Cooler 1(4021403 E410: Rebo~er C4Q5 P402: Reftux PlKTIp C404 
E404: Absorbent Cooler 1(401 : EO Prt Compressor P403: Bottom Pump C40 
E405: Reboiler C403 K402: EO sec.CompreuOf' P4004 ; absorbent PLomp 
E406: ReboHer C404 1<.403: EO Recycle Compressor P405: 8ottom Pump C405 
E407: Codennr C404 1<.404: Rlw EO Pri. Compressor V401 : VIL Seperator C4~ 
E408: Post-Cooler 1<.404 1(405: Raw EO Sec Compressor 
E409: Post-Cooler 1<.4 05 P401 : Absorbent Pump 

Abbreviat ions 

TC: Tlmp.,8Iut. conlrol<t, 
PC: P,.uur. contro~r 
RC: R8Ilo control., 
FC; Flow controi., 
FT: Flow mtllSut."".,..mII 
HSS: HIgh ul.ctlon IWIIch 
CW: Coollng wat., 

Designers 

Frank Sneldon 
Flip K1eyn van Willigen 
Raout Boucke 

Memo Sorgednll~ 

~~Q~:~,::;~,,,tr_..L. ______ .--J 

PrO/eet: 

Sec~on: 
Project ID: 
Completion d.te: 
Stream number: 

Absorbent to 
EO ReaC1ion Seetion 

Proces. Flow Scheme 

Integrated MEG .nd EO production trom ell1ylene .nd puified 
oxygen 
EII1yIene OxIde Pur1fic.tion section 
CPD 3244/ P80511 CA30 
J ...... ry I" 2000 
~ T~eratlre (C): D!D Pressure (8.r):0) 

{: 
f 

t 
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Appendix 2 - FEEDSTOCK SPECIFICA TIONS 

• Ethylene 

Souree: Pipeline from OSJ3L -~ 
Pressure at battery limi ~ (kg/cm2g min) )--
Priee, US$/MT __ . 

Al)a'l,y.fi-is-
ethylene, ~Il. 
Ethane, vol% max. 
Hy+dro}len, <y"~II?PJ,Q-mäx:--' ~)o 
C3 , v..Q!..ppm max. \ 
Acetylene, "ól ppm max. 
Carbon monoxide, vol ppm max. 
Carbon dioxide, vol ppm max. 
Oxygen, vol ppm max. 
Sulphur (H2S), vol ppm max. 
Methanol, vol ppm max. 
water, vol ppm max. 
Chlorine (Cl), vol ppm max. 

• Oxygen 

Souree: Pipeline OSBL 
Pressure at battery limits (kg/cm2g min) 
Priee, US$/MT 

Analysis 
Oxygen, vol% min . 
Nitrogen + Argon, vol% max. 

• Methane 
Souree: Pipeline OSBL 
Pressure at battery limits (kg/cm 2g min) 
Priee, US$/MT 

Analysis 
Methane, vol% min. 
Ethylene, vol% max. 
Hydrogen, vol% max. 
Ethane, vol% max. 
Carbon monoxide, vol% max. 
C3+, vol% max. 
Acetylene, vol ppm max. 
Sulphur compounds, wt ppm, max. 
Halogen compounds, vol ppm, max 

-------' ~ 

~ 'r 
I , 

25 
520 

99.9 
0.05 

5 
10 

5 
10 
10 
1 
1 

10 
2 
1 

27 
50 

99.8 
0.2 

25 
120 

90.0 
10 

5.0 
1.0 
1.0 
0.1 
100 

5 
5 

b 
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11 

11 

. 11 

11 

11 

11 

11 

11 

11 
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Appendix 3 - PRODUCT SPECIFICATIONS 

• Fibergrade monoethylene glycol (MEG) 
Market value, US$/MT 
Appearance 
Specific gravity at 20/20 °C 
MEG content, wt% min. 
DEG content, wt% max. 
Water, wt% max. 
Acidity (as acitic), wt% max. 
Chlorides (Cl), wt% max. 
Iron, wt ppm max. 
Ash, wt% max. 
aldehydes (formaldehyde), wt ppm max. 
Color, Pt-Co units 

Before heating 
after 4 hours boiling 

Destillation range at 760 mm o Hg 
IBP, °C min 
EP, °C max. 
Vol% range, °C max. 

• Ethylene oxide (EO) 
Market value, US$/MT 
Appearance 
Purity, wt% min . 
Color, APHA max. 
Carbon dioxide, wt% max. 
Water, wt% max. ~ ---
Aldehydes (acetaldehyde), wt ppm mqx. 
Acidity, wt ppm max. 
Residue, wt% max. 

• Diethylene glycol (DEG) 
Market value, US$/MT 
Appearance 
Specific gravity at 20/20°C 
DEG content, wt% min. 
MEG content, wt% max. 
TEG content, wt% max. 
Water, wt% max. 
Acidity (as acetic), wt% max. 
Ash, wt% max. 
Color, Pt-Co units max. 
Destillation range at 760 mmo Hg 

IBP to OP 

650 
Clear, colorless 

1.1151 to 1.1156 
99.,8 
0.05 
0.05 

0.005 
O~ 1 
0.1 

0.001 
' 8 

5 
10 

196.0 
19~ . 0 

'1.0 

1080 
Clear, colorless 

~ 99.99 

5 
0.001 

~.005 
10 
20 

0.001 

551 
Clear, colorless 
1 .117 to 1 .120 

99.8 
0.05 
0.05 

0.1 
0.005 
0.005 

10 
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11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

Appendix 4 - UTILITY SPECIFICATIONS 

• Steam 
Priee, US$/MT . 
High pressure ( tor start up), kg/cm2

g min J 
High pressure, kg/cm2g min 
Medium pressure, kg/cm2g min 
Low pressure, kg/cm2g min 

• Power 
Priee, US$/kWh 
1 to 225 kilowatts, volts 
above 225 kilowatts, volts 

• Cooling water 
Priee, US$/M3 

32 
25 
14 
4 

0.04 
415 

6600 

Supply pressure at grade, kg/cm2g.. 
Return pressure at grade, kgicm2~ 
Inlet temperature, °C ) T bL...(;- ~ <-t > °é ~(àX 
Temperature difference, °C 

0.02 
7 
2 

33 
10 

• Proeess water 
Priee, US$/nM3 

Quality 
Pressure, kg/cm2g 
Temperature 
pH, units 
Conductivity, ).LO/cm 
Si02, wt ppm max. 

• Nitrogen 
Priee, US$/nM3 

Pressure, kg/cm2g 
Temperature 
Purity, vol% min. 
Oxygen, vol ppm max. 

• Instrument air 
Priee, US$/NM3 

Pressure, kg/cm2g 
Temperature 
Quality 
Dew point, oe 

CATALYST SPECIFICATI~NS 

• EO eatalyst 
Priee, US$/MT 
composition 
shape 
bulk density (kg/MT) 

• MEG eatalyst 
Priee, US$/NM3 

Catalyst 
composition 
Shape 

Demineralized 
5 

Ambient 
7.5 to 8.5 
0 .5 to 1.0 

0.1 

0.02 
7 

Ambient 
99.9 

10 

0.02 
5 

Ambient 
Dry, Oil-tree 

-40 

silver on alumina catalyst 
Spherical particles 

850 

Dow MSA-1 
Tributylmethylamonium chloride 

resin on spherical particles 
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Appendix 5 - Catalyst Selection 

Company date patent 11 selectlvlty converllion converllion mod~ler:lnhlbnor promoter I~etlme dlluenVinhibnor ratio 
_ ... . _ .. - -" _ .. 

ICI 1618189 357292 Oiscarded - ethvlene concentratien must be hlaher than 35 vol% whk:h is higher than our antlclpated process condItions 

ICI 14/1/82 57066 76.3-76.2 5-20% 40% Cl be.t:lm)ethvl chloride or VC K Rb Cs 90 dav. te.ted ethane/cl: 5000 2.4% vol 

M~subishl 25/9/96 764464 A2 81 .6 40% II Cs 7 days te.ted 

M~ubishl 4-12-1994 624398 Al 83 40% VC 4 ppm 6% C02 W Cs Na 7 days tested 

M~ublshl 5-S-1987 247414A 82.1 ethylene dichloride Na K Rb Vs 

NiDDOn Shokubal 25/8/99 937498 Al 81 10 Cs only 

SclentWic Desion 4-11-1999 99/11367 81 .5-84 .1 160 ka EO/hr/m A 3 kal Cs SF. (P Sb BI) 

Sclentnic Desion 4-11-1999 99/11370 84.683.8 160ka/hr/mA 3 kat Cs F S Ge Sn 

SclentWic Desion 4-11-1999 99/11371 -84.3 160ko/hr/m A 3 kat Cs F S Lanthanlde (La Ce Pr Nd Sm Eu Gd Tb Dv Ho Er Tm Yb Lu) 

Shell 3-2-1999 95/05896 Only startup ethyl chloride 10 hrs 

Shell 5-9-1996 96/13329 85 40% ethvl chloride Cs Re P B 2-3 davs 

Shell 5-11 -1994 625370 Al 86% Initial decrease measured ethyl chloride Cs. (Gd Ce Yb) 

Shell 17/1 /92 496470 Al 86 (ea ethyl chloride 100 days dec. to 80% 

Shell 30/10/87 266015 86 VC 4.5-5.5 Dom 60 set. const! 

UCC 10-4- 1982 76504 Al 71-75 ethvl chloride ____ _______ L.- ----- --

• • • • • 

surface area porosimetry 
." .. .......... 

1.5-5 Ho: 35-65% .3-4 mu bimodal cor. slze dis!. 

.9-1 .55 H20: 33-43% 1.1-1.4 mu 

1.02 H20: 34.54% .01-.4 mu 

.6-2 H20: 20-50% 

.5-1.3 Ho: 20-70 % 

.5-1 .3 Ho: 20-70 % 

.5-1 .3 Ho: 20-70 % 

H20: 46% 6.2 mu 

.1-3 H20: 75% 

.42-.51 H20: 37% 3.4 mu 

0.42 H20: 36% Ho:2.7 mu 

--- - - - L..-.-------- _.-

• • 

support 

aloha alumina 

alpha alumina 0-6% SI 

alpha alumlna SI 

aloha alumlna .5-12% SI 

aloha alumlna 

alpha alumlna <15% SI 

aloha alumina .8% SI 

aloha alumlna 

alpha alumlna 1.3% SI 

aloha alumina 1.3% Si 

alpha alumina 2% Si 

alpha alumina,.74% Si 

~ 

f 
~\. 

~'" 

• 

p 
~ 



• • • • • • • • • • • • • • • • • • • • • • • 

Appendix 5 - Catalyst Selection 

"1- " 

{wt% Ag p her. 
\ :ar 

----------... --.."--..... --_~ .. '_~'H."_.~>~ .... <' ... 

Company LI C. ethylene/02 ratio diluent T 
mole% -' Celsius 

:ICI I 

ICI 6-28 .06-100 40-70% methane .:)-5% ethane 201-207 

Mitsubishl 6-20% 500-900 ppm in 2 steps 300-800 ppm In 2 step. 3.5 , 1-70% methane or N2 227-236 8 LVCs .1:1-4:4 wt% Hvdrocarbon hallde .1-50 ppm orevents hot sppts 

M~sublshl 6-50% 250-2000 pom W:6-700 pom Na: 92 oom 3.50. 60% N2 236-255 7 rings? Saddle's? High conversion Other metals see sou ree 

M~sublshl Na: 0.6-2% 215 15 Carrier (Si and Na anal sis 

Nippon Shokubai 2.69 240 20 Carrier must be washed with H20 

Sclent~1c Design 6-15% 600 ppm 5: 34 ppm Best w~h Sb: 130 ppm 78% N2+C02 240 20.5 Equivalent diam. 4-8mm for sUP.l'orts 

Scient~1c DesiQn 640580 F:180 75 5 :3434 Ge:75 0 Sn :O 125 N2 C02 240 20.4 

Scient~1c Design 600-800 F:75 5 : -40 Lan : 175 N2 C02 240 20.4 

~ - _.~ - - '"">-- /' , ) Shell 340460 Re: 280 P:1031 ·B:442 3.53 - 5% C02 54.5 % NZ 230 15.5 

Shell \ j 430460 Re:280 5:48 Rare earth:80 3.53 5% C02 54.5 % N2 15.5 
--:: 

Shell 1~14% • 1.6-2+4 umol/Q 500-700 Re: 1.6-2 umol/g 3.53 5% C02 54.5 % CH4 . 250-265 15.5 Check exact specs of ex2 

J 
, 

Shell 13.5 500 Re: 260 5 :35, ' 3.53 7% C02 54.5% N2 250-256 14.5 ex 10 
I 

I UCC 13.1 / .00906 wt% K:.00268wt% 0.75 _ N2 250-260 

/ 
p 
~ 
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~ Appendix 6 - Stream Rep 

rtJ ).~ rfJ V DUt" ./ OOf oUt 
101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 124 125 126 127 128 129 130 131 132 

TempÈlfilll re C ./ 25.0 25 .0 25.0 34 .2 34 .1 34.0 109.7 220.0 240.0 180.0 110.0 43.0 22.7 22 .7 26.0 22.7 35.1 22.7 22.7 58.4 100.0 42.2 116.7 117.2 20.0 100.0 204.8 58.4 58.4 58.4 

ort 

11 

11 

Pressure a1m 25.0 25 .0 25.0 22.0 22.0 22.0 22.0 22 .0 19.9 19.9 19.9 19.9 20.0 20 .0 20.0 20 .0 22.0 20.0 20.0 20.0 20.0 20.0 10.0 20.0 20.0 10.0 20.0 20.0 20.0 20.0 

Vapor Frac 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 ) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0 .00 0 .00 0.00 0.00 1.00 1.00 0.94 0.94 

Mole Flow kmol/!u 861 90 721 35599 35690 36410 36410 36410 36056 36056 36056 36056 34962 32340 34738 32200 34738 

I~D 
2622 2538 455 18715 1762'1 17621 17621 9243 632 455 224 47 

Mass Flow kglhr 24150 1449 23073 777618 779067 802140 802140 802142 802142 802142 802142 802142 762255 705086 
. 

753468 702054 753468 57169 51414 20024 1148270 1108380 1108380 1108380 583963 24526 20024 9406 851 

Mass Flow kg/sec 6.7 0.4 6.4 216.0 216.4 222.8 222..8. 222.8 222.8 222.8 222.8 222.8 211 .7 195.9 209.3 195.0 209.3 -u:a 15.9 14.3 5.6 319.0 307.9 307.9 307.9 162.2 6.8 5.6 2.6 0.2 

Volume Flow cumlhr 871 102 832 40751 40853 41695 

-~ D _58992 76293 67064 55987 44876 40292 37270 40800 37110 38063 160 3022 3450 697 1283 1007 1008 929 670 1220 488 229 1 

Enthalpy GJ/hr 44 .30 -6.77 -0.13 -2230.47 -2237.23 -2237.36 -2 D -1938.01 -2133 .13 -2239.44 -2354.28 -2460 .99 -2371.55 -2193.68 -2285.78 -2184 .25 -2274 .76 -9.43 -177.87 -101 .53 -177.72 -8294.94 -7971 .55 -7970.36 -8205.48 -4212.69 -198.32 -177.68 -48.85 -48.85 

Density kg/cum 28 14 28 19 19 19 15 14 11 12 14 18 19 18 18 18 19 18 18 14 29 895 1100 1100 1194 1120 18 41 41 1000 

Mass Flow kglhr L/ 
EO 0.3 0.3 0.3 0.3 0.3 31494.1 31494.1 31494.1 31494.1 0 .3 0 .3 0.3 0.3 0.3 0.0 0 .0 0.0 31493.8 0.0 0.0 0.0 < 0.001 

MEG 139.9 139.9 139.9 139.9 139.9 11.4 10.5 139.9 10.5 139.9 0.0 0 .9 129.4 472552.1 472563.5 472563.5 472563.5 234039.1 128.6 

ETHYLENE • 24149.7 233206.7 233206.7 233206.7 233206.7 233206.7 209886.0 209886.0 209886.0 209886.0 208396.9 192767.1 209057.0 191938.2 209057.0 "828.9 15629.8 17118.8 2089.1 599.9 599 .9 599.9 599.9 1489.1 
-

WATER 465.5 465.5 465.5 465.5 465.5 4780.5 4780.5 4780.5 4780.5 456.8 422.5 465.5 420.7 ,465.5 1.8 34 .3 44 .8 66433.8 62110. 1 62110.1 62110.1 32868.5 861 .4 850.8 

11 
METHANE • 14411·0 362808.6 364257.6 364257.6 364257.6 364252.6 364252.6 364252.6 364252.6 364252.6 363569.6 336301 .9 362808.6 334855.8 362808.6 .1446.1 27267.7 27952.8 798.0 113.0 113.0 113.0 113.0 685.1 

OXYGEN 23016.3 58373.2 58373.2 81389.6 81389.6 81397.2 58606.7 58606.7 58606.7 58606.7 58517.5 54128.7 58373.2 53895.9 58373.2 232.8 4388.8 4477.3 100.2 11 .7 11 .7 11.7 11.7 88.5 

ARGON 56.7 14190.0 14190.0 14246.6 14246.6 14246.6 14246.6 14246.6 14246.6 14246.6 14225.7 13158.8 14190.0 13102.2 14190.0 56.6 1066.9 1087.8 23.6 2.7 2.7 2 .7 2.7 20.8 

EC 3.0 3.0 3.0 3.0 3 .0 3.0 3 .0 3.0 3.0 1.5 1.4 3 .0 1.4 3 .0 0.0 0 .1 1.6 566776.9 566775.4 566775.4 566775.4 311890.4 1.5 

C02 108430.0 108430.0 108430.0 108430.0 108429.8 118871.9 118871.9 118871 .9 118871.9 117075.7 108295.0 108430.0 107829.3 108430.0 465.7 8780.7 600.6 20024.5 4496.9 2700.5 2700.5 2700.5 2700.5 21250.8 20024.5 9406.0 

11 DEG 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.0 0 .0 0.4 0.0 0.4 <0.001 0.0 0.4 3507.4 3507.0 3507.0 3507.0 1737.1 0.4 

ACETA 0 .1 0 .1 0.1 0 .1 0.1 0.2 0 .2 0.2 0.2 0 .1 0.1 0.1 0.1 0.1 <0.001 0 .0 0.0 0.2 1 0.1 0.1 0 .1 0 .1 0.0 

Mass Frac 
EO 384 PPB 383 PPB 372PPB 372 PPB 372 PPB 0.039 0.039 0.039 0 .039 393 PPB 393 PPB 396 PPB 393 PPB 396 PPB 393 PPB 393 PPB 446 PPB 0.027 14 PPB 14PPB 14PPB 18 PPB 

11 MEG 180 PPM 180 PPM 174 PPM 174 PPM 174 PPM 15PPM 15PPM 186PPM 15PPM 186PPM 15PPM 15PPM 0.003 0.412 0.426 0.426 0 .426 0.401 0.005 

ETHYLENE 1.000 0 .300 0.299 0.291 0.291 0.291 0.262 0.262 0.262 0.262 0.273 0 .273 0.277 0 .273 0 .277 0.273 0 .273 0.333 0.002 541 PPM 541 PPM 541 PPM 0.001 0.061 

WATER 599 PPM 597 PPM 580PPM 580 PPM 580 PPM 0.006 0 .006 0.006 0 .006 599 PPM 599 PPM 618PPM 599 PPM 618 PPM 599 PPM 599 PPM 871 PPM 0.058 0.056 0.056 0 .056 0.056 0.035 1.0qO 

METHANE 1.000 0.467 0.468 0.454 0.454 0.454 0.454 0.454 0.454 0.454 0.477 0.477 0.482 0.477 0.482 0.477 0.477 0.544 695 PPM 102PPM 102 PPM 102PPM 193PPM 0.028 

11 
OXYGEN 0.998 0 .075 0.075 0 .101 0.101 0.101 0.073 0.073 0.073 0 .073 0.077 0 .077 0.077 0.077 0.077 0.077 0 .077 0.087 87 PPM 11 PPM 11 PPM 11 PPM 20 PPM 0.004 

ARGON 0.002 0 .018 0.018 0 .018 0.018 0.018 0.018 0.018 0.018 0 .018 0.019 0.019 0.019 0.019 0.019 0.019 0 .019 0.021 21 PPM 2PPM 2PPM 2PPM 5PPM 850 PPM 

EC 4 PPM 4PPM 4 PPM 4PPM 4 PPM 4PPM 4PPM 4 PPM 4 PPM 2PPM 2PPM 4PPM 2 PPM 4PPM 2 PPM 2PPM 31 PPM 0.494 0 .511 0.511 0 .511 0 .534 61 PPM 

C02 0 .139 0.139 0 .135 0.135 0.135 0.148 0.148 0.148 0 .148 0.154 0.154 0.144 0.154 0 .144 0.154 0 .154 0.012 1.006 0.004 0 .002 0.002 0.002 0.005 0.866 1.000 1.000 

DEG 524 PPB 523 PPB 508 PPB 508 PPB 508 PPB 508 PPB 508 PPB 508 PPB 508 PPB 22 PPB 22PPS 541 PPB 22PPB 541 PPB 22 PPB 22 PPB 8PPM 0.003 0 .003 0 .003 0.003 0 .003 16PPM 

ACETA 146 PPB 145 PPB 141 PPB 141 PPB 141 PPB 278 PPB 278 PPB 278 PPB 278 PPB 127 PPB 127 PPB 150 PPB 127 PPB 150 PPB 127 PPB 127 PPB 472 PPB 214 PPB 107 PPB 107 PPB 107 PPB 203 PPB 694 PPB 

Mole Flow kmol/!" 
EO 0 .0 0.0 0.0 0.0 0.0 714.9 714.9 714.9 714.9 0 .0 0.0 0.0 0.0 0.0 < 0.001 0 .0 0 .0 714.9 <0.001 < 0 .001 <0.001 < 0.001 

MEG 2.3 2.3 2.3 2.3 2.3 0 .2 0 .2 2.3 0 .2 2.3 0.0 0 .0 2.1 7613.4 7613.6 7613.6 7613.6 3770.7 2 .1 

ETHYLENE 860.8 8312.9 8312.9 8312.9 8312.9 8312.9 7481.6 7481 .6 7481 .6 7481 .6 7428.5 6871 .3 7452.0 6841 .8 7452.0 29.5 557 .1 610.2 74 .5 21 .4 21.4 21.4 21.4 53 .1 

WATER 25.8 25.8 25.8 25.8 25.8 265.4 265.4 265.4 265.4 25.4 23 .5 25.8 23.4 25 .8 0.1 1.9 2.5 3687.6 3447.6 3447.6 3447.6 1824.5 47 .8 47 .2 

METHANE 90.3 22615.1 22705.4 22705.4 22705.4 22705.1 22705.1 22705.1 22705.1 22705.1 22662.5 20962.8 22615.1 20872.7 22615.1 90.1 1699.7 1742.4 49.7 7.0 7.0 7.0 7.0 42.7 

OXYGEN 719.3 1824.2 1824.2 2543.5 2543.5 2543.8 1831.5 1831 .5 1831 .5 1831.5 1828.7 1691 .6 1824.2 1684.3 1824.2 7.3 137.2 139.9 3.1 0.4 0.4 0.4 0.4 2.8 

ARGON 1.4 355.2 355.2 356.6 356.6 356.6 356.6 356.6 356.6 356.6 356.1 329.4 355.2 328.0 355.2 1.4 26 .7 27 .2 0.6 0.1 0.1 0.1 0 .1 0.5 

11 EC 0 .0 0.0 0.0 0.0 0.0 0.0 0 .0 0.0 0 .0 0.0 0 .0 0.0 0.0 0 .0 < 0 .001 0 .0 0.0 6436.0 6436.0 6436.0 6436.0 3541.7 0 .0 

C02 2463.8 2463.8 2463.8 2463.8 2463.8 2701 .0 2701 .0 2701 .0 2701 .0 2660.2 2460.7 2463.8 2450.1 2463.8 10.6 199.5 13.6 455.0 102.2 61.4 61.4 61.4 61.4 482.9 455.0 224.0 

DEG 0.0 0.0 0.0 0.0 0.0 0 .0 0 .0 0.0 0.0 < 0.001 <0.001 0 .0 <0.001 0 .0 trace <0.001 0.0 33.1 33.0 33 .0 33.0 16.4 0 .0 

ACETA 0 .0 0.0 0.0 0.0 0.0 0.0 0 .0 0.0 0 .0 0.0 0 .0 0 .0 0.0 0.0 trace <0.001 0 .0 0.0 0.0 0.0 0 .0 0.0 <0.001 

11 Mole Frac 
EO 190 PPB 190 PPB 186 PPB 186 PPB 186 PPB 0.020 0.020 0.020 0 .020 194 PPB 194 PPB 195 PPB 194 PPB 195 PPB 194 PPB 194 PPB 205 PPB 0.038 20 PPB 20 PPB 20 PPB 16PPB 

MEG 63 PPM 63PPM 62 PPM 62 PPM 62PPM 5PPM 5PPM 65PPM 5PPM 65PPM 5PPM 5PPM 822 PPM 0.407 0 .432 0.432 0 .432 0.408 0.003 

ETHYLENE 1.000 0 .234 0.233 0 .228 0.228 0.228 0.207 0.207 0.207 0 .207 0.212 0 .212 0 .215 0.212 0.215 0.212 0 .212 0 .240 0.004 0.001 0.001 0 .001 0.002 0.084 

11 
WATER 726 PPM 724 PPM 710 PPM 710 PPM 710 PPM 0.007 0.007 0.007 0 .007 725 PPM 725 PPM 744 PPM 725 PPM 744 PPM 725 PPM 725 PPM 979 PPM 0.197 0 .196 0.196 0.196 0.197 0.076 1.000 

METHANE 1.000 0 .635 0.636 0 .624 0.624 0 .624 0.630 0 .630 0 .630 0 .630 0.648 0 .648 0.651 0.648 0.651 0.648 0 .648 0 .687 0.003 400 PPM 400 PPM 400 PPM 762 PPM 0.068 

OXYGEN 0.998 0 .051 0.051 0 .070 0.070 0.070 0.051 0.051 0.051 0 .051 0.052 0 .052 0.053 0.052 0.053 0.052 0.052 0 .055 167 PPM 21 PPM 21 PPM 21 PPM 40PPM 0.004 

ARGON 0.002 0 .010 0.010 0 .010 0.010 0 .010 0 .010 0.010 0.010 0 .010 0.010 0 .010 0 .010 0 .010 0.010 0.010 0.010 0 .011 32 PPM 4PPM 4 PPM 4PPM 7PPM 826PPM 

EC 949 PPB 947 PPB 928 PPB 928 PPB 928 PPB 937 PPB 937 PPB 937 PPB 937 PPB 483 PPB 483 PPB 973 PPB 483 PPB 973 PPB 483 PPB 483 PPS 7 PPM 0.344 0.365 0.365 0.365 0.383 27PPM 

11 C62 0 .069 0.069 0.068 0.068 0.068 0.075 0.075 0.075 0.075 0.076 0.076 0.071 0.076 0 .071 0.076 0 .076 0.005 1.000 0 .005 0.003 0.003 0 .003 0.007 0.764 1.000 1.000 

DEG 108 PPB 108 PPB 106 PPB 106 PPB 106 PPB 107 PPB 107 PPB 107 PPB 107 PPB 4 PPB 4 PPB 111 PPB 4 PPB 111 PPB 4 PPB 4 PPB 1 PPM 0.002 0 .002 0.002 0.002 0.002 6PPM 

ACETA 72PPB 72PPB 71 PPB 71 PPB 71 PPB 141 PPB 141 PPB 141 PPB 141 PPB 63PPB 63PPB 74 PPB 63PPB 74 PPB 63 PPB 63 PPB 217 PPB 297 PPB 153 PPB 153 PPB 153 PPB 291 PPB 611 PPB 
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11 
Appendix 6 - Stream Report 

11 
301 302 304 305 306 307 308 309 310 311 312 313 

Temperature C 125.0 145.6 129.8 129.8 132.3 132.3 14.000 164.4 132.3 132.9 125.0 14.000 

Pressure atm 9.5 9.5 1.0 0.1 0.1 0.1 0.100 0.1 0.1 10.0 9.5 0.100 

Vapor Frac 0.00 0.00 0.00 0.00 0.00 0.00 1.000 0.00 0.00 0.00 1.00 0.000 

Mole Flow kmol/hr 1 1084 414 414 867 416 45 2 451 451 232 172 

Mass Flow kg/hr 45 58199 25666 25666 53908 25876 1152 210 28032 28032 9732 3139 

Mass Flow kg/sec 0.0 16.2 7.1 7.1 15.0 7.2 0.3 0.1 7.8 7.8 2.7 0.9 

Volume Flow cum/hr 0 59 25 25 53 26 9961 0 28 28 780 3 

Enthalpy GJ/hr -0.35 -442.89 -182.85 -182.86 -383.16 -183.92 -14.153 -1.21 -199.25 -199.20 -87.40 -48.790 

Density kg/cum 823 991 1013 1013 1010 1010 0 930 1010 1010 12 978 

Mass Flow kg/hr 
EO 
MEG 40.9 53524.7 25640.5 25640.5 53471.2 25666.2 25.7 27805.0 27805.0 108.5 53.5 

ETHYLENE < 0.001 0.1 trace trace 0.1 trace trace 2.1 

WATER 3.6 3694.0 10.6 10.6 22.2 10.6 586.4 trace 11.5 11.5 341.8 3085.4 
METHANE trace 0.0 trace trace 0.0 trace trace 0.1 

11 
OXYGEN trace < 0.001 trace trace < 0.001 trace trace 0.0 
ARGON trace < 0.001 trace trace < 0.001 trace trace 0.0 
EC 0.0 18.5 3.8 3.8 18.5 8.9 5.1 9.6 9.6 0.0 
C02 0.5 565.5 trace trace 565.5 trace trace 9279.5 

11 DEG 0.2 395.9 11.0 11 .0 395.9 190.0 179.0 205.9 205.9 0.2 

ACETA trace 0.0 trace trace trace trace 0.0 0.0 
Mass Frac 

EO 0.000 0.000 
MEG 0.906 0.920 0.999 0.999 0.992 0.992 0.000 0.122 0.992 0.992 0.011 0.017 

ETHYLENE 999 PPB 1 PPM trace trace 0.000 trace trace 214 PPM 0.000 

11 WATER 0.079 0.063 415 PPM 415 PPM 411 PPM 411 PPM 0.509 trace 411 PPfvi 411 PPM 0.035 0.983 
METHANE 22 PPB 23 PPB trace trace 0.000 trace trace 14 PPM 0.000 
OXYGEN 1 PPB 2 PPB trace trace trace trace 1 PPM 0.000 
ARGON trace tra ce trace trace trace trace 279 PPB 0.000 
EC 140 PPM 318 PPM 147 PPM 147 PPM 343 PPM 343 PPM 0.000 0.024 343 PPM 343 PPM 309 PPB 0.000 

C02 0.010 0.010 trace trace 0.491 tra ce tra ce 0.953 0.000 

11 DEG 0.005 0.007 429 PPM 429 PPM 0.007 0.007 0.000 0.853 0.007 0.007 21 PPM 0.000 
ACETA 37 PPB 35 PPB trace trace 0.000 tra ce trace 353 PPB 0.000 

Mole Flow kmol/hr 
EO 
MEG 0.7 862.4 413.1 413.1 861.5 413.5 0.4 448.0 448.0 1.7 0.9 
ETHYLENE trace 0.0 trace trace 0.0 trace tra ce 0.1 
WATER 0.2 205.0 0.6 0.6 1.2 0.6 32.5 trace 0.6 0.6 19.0 171.3 
METHANE trace < 0.001 trace trace < 0.001 trace trace 0.0 
OXYGEN trace trace trace trace trace trace trace < 0.001 
ARGON trace trace trace trace trace trace trace < 0.001 
EC < 0.001 0.2 0.0 0.0 0.2 0.1 0.1 0.1 0.1 < 0.001 

C02 0.0 12.8 tra ce trace 12.8 trace trace 210.9 
DEG 0.0 3.7 0.1 0.1 3.7 1.8 1.7 1.9 1.9 0.0 
ACETA trace < 0.001 trace trace < 0.001 trace trace < 0.001 

Mole Frac 

11 EO 0.000 0.000 
MEG 0.758 0.795 0.998 0.998 0.994 0.994 0.000 0.192 0.994 0.994 0.008 0.005 

ETHYLENE 2 PPM 2 PPM trace trace 0.000 trace trace 321 PPM 0.000 
WATER 0.228 0.189 0.001 0.001 0.001 0.001 0.717 trace 0.001 0.001 0.082 0.995 
METHANE 70 PPB 76 PPB trace trace trace trace 37 PPM 0.000 
OXYGEN 2 PPB 3 PPB trace trace trace trace 2 PPM 0.000 

11 ARGON trace trace trace trace trace trace 293 PPB 0.000 
EC 83 PPM 194 PPM 104 PPM 104 PPM 243 PPM 243 PPM 0.000 0.027 243 PPM 243 PPM 147 PPB 0.000 
C02 0.012 0.012 trace trace 0.283 trace trace 0.910 0.000 

11 DEG 0.002 0.003 251 PPM 251 PPM 0.004 0.004 0.000 0.782 0.004 0.004 9 PPM 0.000 
ACETA 44 PPB 42 PPB trace trace trace trace 336 PPB 0.000 

11 
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Appendix 6 - Stream Report 

11 00-( 
401 402 403 404 405 (4~ (4~ 408 409 ( 410 411 412 413 414 416 (;;;' 418 419 420 421 422 423 424 425 426 

Temperature C 41.8 61.2 133.7 155.7 130.8 ""'C:5O.3 '---21.8 137.9 56.8 ~ 55.8 107.0 135.8 137.1 43 .0 -'I1:r.'j.O 120.6 29.2 110.9 46.6 100.0 43.0 43.0 107.9 43.0 

11 Pressure atm 20.0 1.0 2.5 10.0 10.0 10.0 0.5 2.5 2.5 5.0 5.0 10.0 1.0 10.0 10.0 0.5 2.0 2.0 10.0 10.0 10.0 2.5 10.0 5.0 5.0 
Vapor Frac 0.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 0.19 1.00 0.09 

11 
Mole Flow kmollhr 7711 428 428 428 694 1226 582 582 582 316 266 266 7282 7282 633 644 21 295 644 101 633 428 694 582 582 
Mass Flow kg/hr 473088 16793 16793 16793 28352 65016 24922 24922 24922 13363 11559 11559 456295 456295 40000 40094 387 12976 40094 3337 40QOO ~ 16793 28352 24922 24922 
Mass Flow kg/sec 131.4 4.7 4.7 4.7 7.9 18.1 6.9 6.9 3.7 3.2 3.2 

, 
3.6 11.1 0.9 11':1 6.9 6.9 126.7 126.7 11.1 11 .1 0.1 4.7 7.9 6.9 

Volume Flow cum/hr 409 11628 5637 1433 2301 78 28008 7851 6302 16 1435 830 539 422 34 46 0 15 36 257 46 4444 365 3639 289 

Enthalpy GJ/hr -3417.52 -40.79 -39.18 -38.81 -59.91 -351.88 -43.02 -39.34 -42.01 -27.72 -21.85 -21 .11 -3269.47 -3268.87 -293.45 -290.87 -5.95 -22.74 -290.80 -18.15 -288.56 -41 .13 -76 .59 -40.39 -55.27 

11 

11 

Density kg/cum 1157 1 3 12 12 919 4 727 4 809 8 14 847 1081 1175 858 26 26 1106 9 1120 4 80 7 834 

Mass Flow kg/hr 
EO 12975.5 12975.5 12975.5 12975.5 23194.8 . 231$4.8 Iv 23194.8 23194.8 23194.8 12975.4 10219.3 10219.3 < 0.001 < 0.001 0·9 Y 0 .. 1 12975.3 0.0 < 0.001 12975.5 23194.8 23194.8 23194.8 

MEG 194691.5 27.7 27.7 27.7 27.7 16058.4 2.9 2.9 2.9 2.9 ' 0.0 0.0 194663.8 194663.8 16031 .1 1605~.6 2.9 < 0.001 16055.6 0.3 16031..1 V 27.7 27.7 2.9 2.9 

ETHYLENE 860.7 860.7 860.7 860.7 1041 .3 180.7 180.7 180.7 180.7 

~ 
189.7 180.7 tr~ trace 41 .1 

~ 
.~ 

~ ~~ 
trace 901 .8 · 41.f 860.7 1041 .3 180.7 180.7 

WATER 27370.7 692.5 692.5 692.5 710.7 2954.0 402.2 402.2 402.2 _381: 00 18.2 18.2 Q 6678.2 26678.2 2261.4 551 .8 ~~ 2551 .8 8.1 2251.4 692.5 710.7 402.2 402.2 

METHANE 328.8 328.8 328.8 328.8 343.2 14.4 14.4 14.4 14.4 trac 14.4 14.4 trace trace 7.7 trace trace 336.5 7.7 328.8 343.2 14.4 14.4 

OXYGEN 41 ,3 41.3 41 .3 41 .3 42.5 1.2 1.2 1.2 1.2 tra ce 1.2 1.2 trace trace 0.8 trace trace 42.1 0.8 41.3 42.5 1.2 1.2 

11 ARGON 9.7 9.7 9.7 9.7 10.0 0.3 0.3 0.3 0.3 trace 0.3 0.3 trace trace 0.2 trace trace 9.9 0.2 
~ 

9.7 10.0 0.3 0.3 

EC 233512.1 3.9 3.9 3.9 3.9 
~ 

0.4 0.4 0.4 0.4 < 0.001 < 0.001 233508.1 233508.1 21363.7 

I~ 
0.4 trace 21367.2 0.0 21363.7 3.9 3.9 0.4 0.4 

C02 1852.7 1852.7 1852.7 1852.7 2978.0 !.!..25.2 112_5.2 1125.2 1125.2 trac~ 1125.2 1125.2 trace trace 185.0 race_ , trace 2037.7 1'85.0 1852.7 2978.0 1125.2 1125.2 

DEG 1445.1 0.0 0.0 0.0 0.0 119.0 0.0 0.0 0.0 0.0 trace trace 1445.0 1445.0 119.0 1 19.0 0.0 trace 119.0 < 0.001 119.0 0.0 0.0 0.0 0.0 

ACETA 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 trace trace 0.0 trace trace 0.1 trace 0.0 0.0 0.1 0.2 0.2 0.2 

Mass Frac 
EO 0.027 0.773 0.773 0.773 0.818 0.357 0.931 0.931 0.931 0.971 0.884 0.884 trace trace 381 PPB 335 PPM 1.000 381 PPB 135 PPB 0.773 0.818 0.931 0.931 

11 MEG 0.412 0.002 0.002 0.002 976 PPM 0.247 116 PPM 116 PPM 116 PPM 217 PPM 67 PPB 67 PPB 0.427 0.427 0.401 0.400 0.007 3 PPB 0.400 95PPM 0.4Q1 0.002 976 PPM 116 PPM 116 PPM 

ETHYLENE 0.002 0.051 0.051 0.051 0.037 0.003 0.007 0.007 0.007 trace 0.016 0.016 trace trace 0.001 
~ 

tra ce 0.270 0.001 0.051 0.037 0.007 0.007 

WATER 0.058 0.041 0.041 0.041 0.025 0.045 0.016 0.016 0.016 0.029 0.002 0.002 0.058 0.058 0.0~6 .0 0.991 9 PPM 0.064 0.002 0.056 0.041 0.025 0.016 0.016 

METHANE 695 PPM 0.020 0.020 0.020 0.012 222 PPM . 579 PPM 579 PPM 579 PPM trace 0.001 0.001 trace trace 193 PPM tra ce trace 0.101 193 PPM 0.020 0.012 579 PPM 579 PPM 

11 OXYGEN 87 PPM 0.002 0.002 0.002 0.001 19 PPM 50 PPM 50 PPM 50 PPM trace 107 PPM 107 PPM trace trace 20 PPM trace trace 0.013 20PPM 0.002 0.001 50 PPM 50 PPM 

ARGON 21 PPM 579 PPM 579 PPM 579 PPM 353 PPM 4PPM 11 PPM 11 PPM 11 PPM trace 25PPM 25PPM trace trace 5 PPM trace trace 0.003 5PPM 579 PPM 353 PPM 11 PPM 11 PPM 

EC 0.494 235 PPM 235 PPM 235 PPM 139 PPM 0.329 15PPM 15 PPM 15 PPM 28 PPM 1 PPB 1 PPB 0.512 0.512 0.534 0.533 968 PPM trace 0.533 15 PPM 0.534 235 PPM 139 PPM 15 PPM 15 PPM 

11 
C02 0.004 0.110 0.110 0.110 0.105 0.017 0.045 0.045 0.045 trace 0.097 0.097 trace trace 0.005 trace trace 0.611 0.005 0.110 0.105 0.045 0.045 

DEG 0.003 2PPM 2PPM 2PPM 1 PPM 0.002 146 PPB 146 PPB 146 PPB 272 PPB trace tra ce 0.003 0.003 0.003 0.003 9PPM trace 0.003 143 PPB 0.003 2 PPM 1 PPM 146 PPB 146 PPB 

ACETA 214 PPB 6 PPM 6 PPM 6 PPM 6 PPM 3PPM 7PPM 7 PPM 7 PPM 8 PPM 7 PPM 7PPM trace trace 203 PPB trace 7 PPB 8PPM trace 504 PPB 203 PPB 6 PPM 6PPM 7PPM 7 PPM 

Mole Flow kmollhr 

11 
EO 294.5 294.5 294.5 294.5 526.5 526.5 526.5 526.5 526.5 294.5 232.0 232.0 trace trace < 0.001 0.0 294.5 < 0.001 < 0.001 294.5 526.5 526.5 526.5 

MEG 3136.7 0.4 0.4 0.4 0.4 258.7 0.0 0.0 0.0 0.0 < 0.001 < 0.001 3136.3 3136.3 258.3 258.7 0.0 trace 258.7 0.0 258.3 0.4 0.4 0.0 0.0 

ETHYLENE 30.7 30.7 30.7 30.7 37.1 6.4 6.4 6.4 6.4 trace 6.4 6.4 tra ce trace 1.5 trace trace 32.1 1.5 30.7 37.1 6.4 6.4 

WATER 1519.3 38.4 38.4 38.4 39.4 164.0 22.3 22.3 22 .3 21.3 1.0 1.0 1480.9 1480.9 125.0 141 .6 21 .3 0.0 141.6 0.5 125.0 38.4 39.4 22.3 22.3 

11 METHANE 20.5 20.5 20.5 20.5 21.4 0.9 0.9 0.9 0.9 trace 0.9 0.9 tra ce trace 0.5 trace trace 21.0 0.5 20.5 21.4 0.9 0.9 

OXYGEN 1.3 1.3 1.3 1.3 1.3 0.0 0.0 0.0 0.0 trace 0.0 0.0 trace trace 0.0 trace trace 1.3 0.0 1.3 1.3 0.0 0.0 

ARGON 0.2 0.2 0.2 0.2 0.3 0.0 0.0 0.0 0.0 trace 0.0 0.0 trace trace 0.0 trace trace 0.2 0.0 0.2 0.3 0.0 0.0 

EC 2651.6 0.0 0.0 0.0 0.0 242.6 0.0 0.0 0.0 0.0 trace trace 2651.6 2651.6 242.6 242.6 0.0 trace 242.6 0.0 242.6 0.0 0.0 0.0 0.0 

11 C02 42.1 42.1 42.1 42.1 67.7 25.6 25.6 25.6 25.6 trace 25.6 25.6 trace trace 4.2 trace trace 46.3 4.2 42.1 67.7 25.6 25.6 

DEG 13.6 < 0.001 < 0.001 < 0.001 < 0.001 1.1 < 0.001 < 0.001 < 0.001 < 0.001 trace trace 13.6 13.6 1.1 1.1 < 0.001 trace 1.1 trace 1.1 < 0.001 < 0.001 < 0.001 < 0.001 

ACETA 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 trace trace < 0.001 trace trace 0.0 trace < 0.001 < 0.001 0.0 0.0 0.0 0.0 

11 
Mole Frac 

EO 0.038 0.688 0.688 0.688 0.758 0.429 0.905 0.905 0.905 0.932 0.872 0.872 trace trace 538 PPB 138 PPM 1.000 538 PPEl 101 PPB 0.688 0.758 0.905 0.905 

MEG 0.407 0.001 0.001 0.001 642 PPM 0.211 80PPM 80PPM 80 PPM 148 PPM 47 PPB 47 PPB 0.431 0.431 0.408 0.402 0.002 2PPB 0.402 50PPM 0.408 0.001 642 PPM 80 PPM 80PPM 

ETHYLENE 0.004 0.072 0.072 0.072 0.053 0.005 0.011 0.011 0.011 trace 0.024 0.024 trace trace 0.002 trace trace 0.317 0.002 0.072 0.053 0.011 0.011 

11 WATER 0.197 0.090 0.090 0.090 0.057 0.134 0.038 0.038 0.038 0.067 0.004 0.004 0.203 0.203 0.197 0.220 0.997 23 PPM 0.220 0.004 0.197 0.090 0.057 0.038 0.038 

METHANE 0.003 0.048 0.048 0.048 0.031 733 PPM 0.002 0.002 0.002 trace 0.003 0.003 tra ce trace 762 PPM trace trace 0.207 762 PPM 0.048 0.031 0.002 0.002 

OXYGEN 167 PPM 0.003 0.003 0.003 0.002 32 PPM 66PPM 66 PPM 66 PPM trace 145 PPM 145 PPM trace trace 40 PPM trace trace 0.013 40PPM 0.003 0.002 66 PPM 66PPM 

ARGON 32 PPM 568 PPM 568 PPM 568 PPM 361 PPM 6PPM 12 PPM 12 PPM 12 PPM trace 27 PPM 27 PPM trace tra ce 7PPM trace trace 0.002 7PPM 568 PPM 361 PPM 12 PPM 12 PPM 

EC 0.344 105 PPM 105 PPM 105 PPM 65 PPM 0.198 7 PPM 7 PPM 7 PPM 13 PPM trace trace 0.364 0.364 0.383 0.377 199 PPM trace 0.377 6PPM 0.383 105 PPM 65PPM 7 PPM 7 PPM 

C02 0.005 0.098 0.098 0.098 0.097 0.021 0.044 0.044 0.044 trace 0.096 0.096 trace trace 0.007 trace trace 0.456 0.007 0.098 0.097 0.044 0.044 

DEG 0.002 897 PPB 897 PPB 897 PPB 553 PPB 915 PPM 59 PPB 59 PPB 59 PPB 109 PPB trace trace 0.002 0.002 0.002 0.002 2PPM trace 0.002 44 PPB 0.002 897 PPB 553 PPB 59 PPB 59 PPB 

11 
ACETA 297 PPB 5PPM 5PPM 5PPM 6PPM 3PPM 7PPM 7 PPM 7 PPM 8PPM 6 PPM 6 PPM trace trace 291 PPB trace 3 PPB 8PPM trace 377 PPB 291 PPB 5PPM 6PPM 7 PPM 7 PPM 

11 

11 
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Appendix 7 

Summary of Reactors,Columns and Vessels 

equipment Operating Operating Size Internals Materials of construction 

No. Name temperature pressure dia. x length 

°C bara mm Type trays (nr). packing Shell intemalsltube 

RIOI EO reactor 230 22 4670 x 11540 multitubular Ag on aluminium CS SS en 
s:: 

R201 Carbonate reactor 120 33 4000 x 16040 packed bed DOWMSAI SS S 
S 

R202 Primary MEG reactor 150 10 4000 x6680 packed bed OOWMSAI CS Q [ln R203 Secondary MEG reactor 150 10 4000 x 6640 packed bed OOWMSAI CS 0 ...., 
~ 

~-I 
ClOl EO absorber 43 20.0 4720 x 31500 packed column IS mellapak 250X CS PP ~ 

~ n 
C301 Water removal 145 0.1 2770 x 6100 tray column sieve (10) CS CS 

.... 
0 

~O 
.., 
Vl 

C302 MEG purification 130 0.09 2920 x 23100 packed column 15 mellapak 2,sOX CS SS 'h 
0 

~J) C401 Raw EO stripper 42 1 3380 x 20300 packed column 10 mellapak 250Y SS PVDF 2" 
S ::s 

C402 EO secondary absorber 43 10 790 x 23200 packed column 9 mellapak 250Y SS pp Vl ... 
§ 111--

~l\ C403 EO secondary stripper 50 0.5 1770 x 11600 packed column 5 mellapak 250Y SS PVDF 0.. 

< 
C404 Heavy end seperator 61 2.0 1220 x 11582 tray column sieve (19) SS SS ~ 

@ Vl 
Vl 
~ 

C405 Light end seperator 57 5 910 x 6100 tray column sieve (10) SS SS ëii 

VIOI' Steamdrum 230 27 volume: 8.8 ml vesse! CS 

V102' Steamdrum 160 8 volume: 4.3 ml vessel CS 

V301 VIL seperator C301 44 0.1 volume: 4.5 ml vessel CS 

Vl Cl 

1 V302 VIL seperator C302 130 0.09 volume: 2.5 ml vessel CS uö · .., 
:> " V401 VIL seperator C404 30 2 volume: 1.3 ml vesse! CS 

\ V S201 COz tlashdrum 100 10 volume: 53.5 ml tlashvessel CS 

S202 flashdrum 100 8.0 volume: 70 m1 tlashvessel CS 

X 
S301 COz flashdnun 125 9.5 volume: 66.5 m 1 flashvcsscl CS 

1/ \ 

/ \ 

\ Remarks: • Steam drums are installed two times, because two EO reactors are placed parallel 



Appendix 8 

Summary or Pumps and Compressors 

l'un1I Sporcd c_ity SUcûcn di"'- 1'un1I" Denoity Theonticol dTuiClK')' Bnkc 
No. N .... Nonnol Mal<imIm ....... .~u. po- ,.- 1}pe 

"'-'re -.. ....... 
m'lh m'lh bon bon oe b1m' kW kW 

PIOI 

Moin __ 

Va 1007.2 1107.92 10 l-4 117 1100 397.6' 0.86 46'.1 Cauifupl 
,....--- Aboor1Icrt _ 

11.3 130 1010 8.94 0.'6 C.nrifupl en PI02 27.8 30.38 0.1 1'.9 

~ 
1~ 

Pl03- Cooln.ptIIJ1) Va 106.6 117.26 28 29.' 230 1000 4.'1 0.72 6.3 Cauifupl 

PI04- Cooln_ Va '1.117 '6.2287 28 29.' 230 lOOG 2.16 0.72 3.0 Cauifupl ~ 
0 

EOrcod_ 34.3 42 1137 238.'6 0.83 Cauifupl 
... 

~O 
PlOI '83.4 641.74 20 287.4 § 
Pl02 Ii..,aid pMK putI1) 5202 0.' 0." • 11.3 100 96!1 0.0' 0.30 ••• U positive dilpIKancn. il 

iJl Pl03 

W __ 

8.2 9.02 , 11.3 23 994 1.30 0.72 ••• U potitive dilpl~ 8-
PlO4 lic,Jid pIwc purI1) S201 79'.8 87H8 10 11.3 100 1086 33.66 0.72 46.8 Cauifupl n 

~:x PlO, Iiquid ph.e putI1) RlO2 12.3 90.'3 9.' 11.3 133 122 4.64 0.72 6.4 C.nrifuaol 
§ 
~ 

iI P301 RdluxpulT1)C301 31.$ 41.23 0. 1 1.6 44 lOOG 1.39 0.72 ••• U poIitiw dilplxanc:n ~ ® 
'---

P302 Rdluxpur11lClOl 11.4 12.34 0.1 1.6 130 1013 0.48 0.72 ... U po.itive dilplata1lCU 

P303 MEOpwl1> 23.3 27.83 0. 1 2., 130 1013 1.71 0.72 omoIl potitivc dilplKCmat 

P304 

Hmy __ 

0.2 0.22 0.1 1.6 164 930 0.01 0.72 omoIl poIit.ive ditpl8CCITMI't 

P30, RowMEOpwl1> ,8.8 64.68 9.' 11 146 991 2.49 0.72 3.3 Cauifupl 

. P401 AbtooIIat_ '39 S91.9 I 11.3 137 1081 IS9.6O 0.62 237.0 Cauifupl 

f' i 
,., 

P402 Rá1ux~C404 2.1 2.31 2 3..5 29 0.09 0.72 omoIl potitive displKernerf. 

~I P403 Baclom _ C402 77.6 83.36 10 13 '0 919 6.37 0.72 9.1 Cauifupl 

\ P404 AbtooIIat_ 46.4 '1.04 0.' 11.3 lil 1106 14.39 0.62 23.1 C.nrifupl 

NOS 8ottom purT1) 040' 16.4 18.04 , • 61 809 1.39 0.72 omoIl pcKitive displaccmcrt 

\ I1 KIOI Loop .. c~SCW' 40800.2 44880.22 20 22 H .I 19 2202.2 0.72 30'8.6 Raury 

KI02 Recycle~ 1219.S 1341.4' 10 20 204.8 18 '36.7 0.72 74S.4 Raury 

1\ 1 
KI03 C02cCJ01lfUSOl' 696.6 766.26 20 33 IS' 41 206.6 0.72 286.9 Raury 

KlOI VKUum ton.,.-eaor CJOI 9961.4 10951.34 0.1 1.6 44 14 340 0.' 680.0 Liquidn,. 

Kl02 VKUUm cornpnuor 002 100 110 0. 1 1.6 44 14 3.' 0.' 7.0 Uquidrina 

11 \ 
K401 EO. pri. comprc:nor 11628 12790.8 1 loS 134 3 322.9 0.72 448.' Raury 

K"Ol EO. sec..c~ ..... 2 4888.62 2., 10 IS6 12 463.7 0.72 644.0 Raury 

K403 EO rcc:yclc cCJI11Weuor 143H 1378.94 S 10 107 14 148 0.71 20'.6 Raury 

I 
K404 RIw EO pri. CoqIRSIOI' 28008.3 30809.13 0.' loS 138 4 768.69 0.72 1067.6 Raury 

\ K40S RIWEOKC.'~ 24911.2 27414.42 2.' , lOl 7 324.8 0.72 431.1 Raury 

I \ Rcmorb: • Punln IR inItaIled twice. bet ... two EO rc:Kton IR plKed polei 

SmalI mtalI power < 2., kW, oWofF~on CIT1'loycd 

11 

11 

11 
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iUl 
i-l 
!O 
~J) DI_ 
S-l\ ... 
111 
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• 

Equip-

ment 

No. 

E 

101 

102 

103 

104 

105a 

105b 

201 

202 

203 

301 

• 

o (I) .!! - I!! ,_ 
..... Cl ii! 
1::ii ra 
E.c a.. 
::> u 
Z 11) 

4 I * 

2 1 * 

2 I * 

4 I * 

I * 

3 I * 

• 

UI 
(I) 

.t: 

3l 
.5 

• • • 

Service 

Exchanger 

Exchanger 

Exchanger 

Exchanger 

Exchanger 

Exchanger 

Exchanger 

Exchanger 

Exchanger 

Reboiler 

---------------------------

• 

Type 

of 

equip­

ment 
I) 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

• 

Duty 

kW 

31901 

51290 

29551 

29665 

15466 

23787 

26108 

3473 

406 

3500 

• • • • • • • 
Appendix 9 

Summary of Heatexchangers 

Total 

(bare) 

outside 

surface 

mI 

993 

1928 

1138 

825 

477 

825 

983 

111 

24 

100 

Overall 

heat 

transfer 
coef. 1) 

W/m'.K 

110 

300 

300 

300 

900 

900 

400 

1000 

1000 

Heat 

Flux Shell 

1----11 Diam. 
WIm' 

2.13 

4.7 

4.7 

2.68 

2.21 

2.84 

1.52 

1.09 

0.55 

35000 1.04 

Tin 

°C 

34 

230 

160 

33 

4 

78 

42 

160 

160 

160 

Shell ST 

Tout 

°C 

109.7 

230 

160 

43 

10 

43 

105 

160 

160 

160 

Design conditions 

Press. Tin 

bar ga °C 

21.0 1 180 

27.6 1 110 

7.8 1 240 

1.0 1 110 

1.0 I 43 

1.0 I 33 

20.0 1 117 

7.8 89 

7.8 133 

7.8 

• • 

TubesST+AC 

• • 

Materials of 

construction 

Tout I Press. I Shelll I Tubes 
°C bar ga headers 

110 19.9 ss ss 

220 25.0 cs ss 

180 25.0 cs ss 

43 19.9 cs ss 

20 20.0 cs ss 

43 20.0 cs ss 

78 33.0 cs ss 

150 10.0 cs ss 

ISO 10.0 cs ss 

132 0.1 cs cs 

Condenser cs 

303 Reboiler ST 8889 148 60000 1.24 230 230 27.6 164 0.1 cs cs 

304 Condenser ST 8944 256 35000 1.58 120 120 1.9 130 0.1 cs cs 

2) Based on bare ouiside surface 

VfN
l) ST=h s ell-and-tube h AC = . cat exchanger 

arr -<:ooled equipment 

• 

~ 
....j 

~ 
n 

~ 
tr1 
it1 
til 

~ 
~ 

• 
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~J) DI_ 
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Equip­

ment 

No. 

E 

401 

402 

403 

404 

405 

406 

407 

408 

409 

410 

• 

- I!! ,_ 
o 4J .!!! 
; g> ~ 
.a '" '" E.<: a.. 
:3 0 
Z ~ 

• 

.. 
CD 
'e: 
CD .. 

• • • 

Service 

~ .---------------------------

Type 

of 

equip­

ment 
I) 

Reboiler ST 

Exchanger ST 

Exchanger ST 

Exchanger ST 

Reboiler ST 

Reboiler ST 

Condenser ST 

Exchanger ST 

Exchanger ST 

Reboiler I ST 

• • • • • 
Appendix 9 

Summary of Heatexchangers 

Duty 

kW 

~9806 

542 

4635 

1359 

5000 

2031 

2300 

743 

4135 

1583 

Total 

(bare) 

outside 

surface 

m' 

497 

49 

431 

67 

143 

51 

52 

48 

188 

6 

Overall 

heat 

transfer 

coef. 2) 

W/m'.K 

300 

300 

750 

2000 

300 

750 

Heat 

Flux 

Wim' 

60000 

35000 

40000 

60000 

Shell 

Diam. 

2.13 

0.76 

2 

0.87 

1.22 

0.77 

0.78 

0.78 

188 

26 

• 

Tin 

oe 

230 

33 

33 

33 

160 

160 

4 

33 

33 

160 

• • 

Design conditions 

Shell ST 

Tout 

°C 

230 

43 

43 

43 

160 

160 

10 

43 

43 

160 

Press. 

bar ga 

27.6 

1.0 

1.0 

1.0 

7.8 

7.8 

1.0 

1.0 

1.0 

7.8 

Tin 

°C 

134 

131 

100 

138 

108 

• • 

Tubes ST+AC 

• 

Materials of 

construction 

Tout / Press. / Shelll I Tubes 

°C bar ga headers 

136 1.0 cs ss 

43 2.5 cs cs 

43 10.0 cs ss 

43 10.0 cs ss 

109 0.5 cs ss 

121 2.0 cs ss 

29 2.0 cs ss 

57 2.5 cs ss 

43 5.0 cs ss 

61 5.0 cs ss 

• 

~ 
~ 

I 
~ 

t:l 
!I 
~. 

er o 
o 
i'<" 

~ 

I I I r--------------------------l I I I I I I I I I I I 

1-.....,~_--1~_-Il) ST = .hell-and-tube heat exchanger 

AC - air-<:ooled equipment 

2) Based on bare oulside .wface 

.., .. 
~ 

• • • 
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Appendix 10 

REACT;;R:-"'- ~~IFICATION SHEET 

Equipment number · R~t~ Bft~: Parallel: · 

f.~ 
Name · Et lene oxi reactor 2 · 

Genèrat1Jata 
Type · Cooled multitubular reactor · Catalyst · Silver doped on alumina ~O · Space time · 5.9 sec. In reaction section · 
Volume · 90.8 m3 iJ) · 
Tubes: Shell: 

- number 6265 - inner diameter 4.66 m 
... 

: · 8::K · 
-length · 11.5 p1 - outer diameter · 4.70m S-· · ... 

UI 

- inner diameter · 40mm - material · CS ® · · 
- outer diameter " : 44 mm 

? - pitch 

~ Iso--- material 11 

- Process Conditions Cooling Reaction section 
Stream details Feed 108 Product 109 Coolant inlet Coolant oud et 
Temp. [OC] 220 240 230 230 
Pressure [bar] 22 . 19.9 27.6 27.6 
Density [kg/m3

] 14.0 Il.O 
Mass flow [kglh] 802142.2 802142.2 106557 106557 
Vapor fraction 1 1 0 1 
Composition (frac) mol wt mol wt 
EO 186 PPB 372 PPB 0.02 0.039 Coolant medium: BFW 
MEG 62PPM 174 PPM Coolant area : 6929 m2 

Ethylene 0.228 0.291 0.207 0.262 Overall U: 770W/m2 K 
Water 710PPM 580PPM 0.007 0.006 Coolant capacity : 53625 kW 
Methane 0.624 0.454 0.63 0.454 

Oxygen 0.07 0.101 0.051 0.073 

Argon 0.01 0.018 0.01 0.018 

EC 928PPB 4PPM 937PPB 4PPM 

CO2 0.068 0.135 0.075 0.148 

DEG 106 PPB 508PPB 107PPB 508 PPB 

Acetaldehydes 71 PPB 141 PPB 141 PPB 278 PPB 

Remarks: The preheating and cooling sections are inc1uded in the reactor volume and tube 
length. The space time is only concerns the reaction section. 

Designers: F. Kleijn van Willigen 
M.J. Sar edra er 

R.M. Boucke 
FA Sheldon 

Design 
Revision : 3.00 

Project ID: CPD3244.1 P80511 CA30 
Date: Janua 1 , 2000 
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Appendix 10 

REACTOR - SPECIFICATION SHEET 

Equipment number · R201 Parallel: · 
Name · Carbonate reactor · 

General Data 
Type · Trickle flow reactor · 
Catalyst · DowMSA-1 · 
Space time · 23.4 min · 
Volume · 201.5 m3 

· 
Tubes: Shell: 

- number - inner diameter · · 4 · · 
- length/height · 16 m - outer diameter · 4.04 · · 
- inner diameter · - material · SS · · 
- outer diameter · · 
- pitch · · 
- material : 

Process Conditions 
Stream details Feed 204 Product 205 C02 

Feed 
Temp. [OC] 105 130 155 
Pressure [bara] 33 25 33 
Density [kglm3

] 1095 1086 41 
Mass flow [kglh] 675184.0 695208 .5 20024.5 
Vapor fraction 0 
Composition (frac) mol Wt 
EO 0.038 0.027 

MEG 0.407 0.412 

Ethylene 0.004 0.002 

Water 0.197 0.058 

Methane 0.003 695 PPM 

Oxygen 167PPM 87PPM 

Argon 32PPM 21 PPM 

EC 0.344 0.494 

CO2 
0.005 0.004 

DEG 0.002 0.003 

Acetaldehydes 297PPB 214 PPB 

I Remarks: 

0 
mol 

0.406 

0.004 

0.196 

0.003 

167PPM 

31 PPM 

0.381 

0.009 

0.002 

296 PPB 

1 
wt mol 

0.4 

0.002 

0.056 

675PPM 

85PPM 

20PPM 

0.533 

0.006 20024.5 

0.003 

207PPB 

Design 
Revision : 3.00 

1 

202 

wt 

1 

i~ 
~O 
iJl ... 
AI_ 

!l\ 
® 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
FA Sheldon 

Project 10: CPD3244 I P80511 CA30 
Date : Janua 1, 2000 
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Appendix 10 

REACTOR - SPECIFICATION SHEET 

Equipment number · R202 Parallel: · 
Name · Primary MEG reactor 1 · 

General Data 
Type · Packed bed reactor with chimney · 

tray on top for VIL separation 
Catalyst · DowMSA-1 · Space time · 58.6 min · 
Volume · 83.5 m3 · 
Tubes: Shell: 

- number · - inner diameter · 4m · · 
- length/height · 6.6m - outer diameter · 4.03 m · · 
- inner diameter · - material · CS · · 
- outer diameter · · 
- pitch · · 
- material · · 

Process Conditions 
Stream details Feed 210 Product (V) 217 Product (L) 215 
Temp. [OC] 150 133 133 
Pressure [bara] 10 9.5 9.5 
Density [kg/m3

] 1041 12 822 
Mass flow [ks/h] 77472.1 9812.3 67659.9 
Vapor fraction 0 
Composition (frac) mol wt 
EO 
MEG 0.289 0.359 

Ethylene 0.002 919PPM 

Water 0.432 0.155 

Methane 539PPM 173 PPM 

Oxygen 28PPM 18PPM 

Argon 5PPM 4PPM 

EC 0.271 0.478 

CO2 0.005 0.004 

DEG 0.001 0.003 

Acetaldehydes 206 PPB 182 PPB 

I Remarks: 

1 
mol 

0.007 

0.01 

0.146 

0.003 

176PPM 

33PPM 

410PPM 

0.833 

16PPM 

802 PPB 

0 
wt mol 

0.011 0.5 

0.007 59PPM 

0.065 0.325 

0.001 7PPM 

141 PPM 278 PPB 

33PPM 52PPB 

901 PPM 0.161 

0.914 0.01 

41 PPM 0.003 

881 PPB 95 PPB 

Design 
Revision : 3.00 

wt 

0.599 

32PPM 

0.113 

2PPM 

172 PPB 

40PPB 

0.274 

0.009 

0.006 

80PPB 

i~ 
10 
iJ] 
~ 

~:K Ö 
~ 

1/1 

® 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F .A. Sheldon 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1, 2000 
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Appendix 10 

REACTOR - SPECIFICATION SHEET 

Equipment number · R203 Parallel: · Name · Secondary MEG reactor 1 · 
General Data 

Type · Packed bed reactor with chimney · 
tray on top for VIL separation 

Catalyst · DowMSA-l · Space time · 65.2 min · 
Volume · 83.1m3 

· 
Tubes: Shell: 

- number · - inner diameter · 4m · · 
- length/height · 6.6 m - outer diameter · 4.03 m · · 
- inner diameter · - material : CS · 
- outer diameter · · 
- pitch · · 
- material · · 

Process Conditions 
Stream details Feed 216 Product (V) 222 Product (L) 221 
Temp. [OC] 150 132 132 
Pressure [bara] 10 9.5 9.5 
Density [kg/m3

] 1018 12 823 
Mass flow [ks/h] 67930.9 9777.4 58153.5 
Vapor fraction 0 
Composition (frac) mol wt 

EO 
MEG 0.497 0.598 

Ethylene 58PPM 32PPM 

Water 0.33 0.115 

Methane 7PPM 2PPM 

Oxygen 276 PPB 171 PPB 

Argon 52PPB 40PPB 

EC 0.16 0.273 

CO2 0.01 0.009 

DEG 0.003 0.006 

Acetaldehydes 94PPB 80PPB 

I Remarks: 

1 
mol 

0.01 

320PPM 

0.082 

37PPM 

2PPM 

292PPB 

456PPB 

0.907 

17PPM 

335 PPB 

0 
wt mol 

0.015 0.795 

213 PPM 2PPM 

0.035 0.189 

14PPM 76PPB 

1 PPM 3PPB 

278 PPB trace 

955 PPB 194 PPM 

0.949 0.012 

42PPM 0.003 

351 PPB 42 PPB 

Design 
Revision : 3.00 

wt 

0.92 

IPPM 

0.063 

23 PPB 

2PPB 

trace 

318 PPM 

0.01 

0.007 

35 PPB 

i~ 
~O 
iJ] 
~ 11-
f~ 

(i) 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F.A. Sheldon 

Project ID: CPD3244 I P80511 CA30 
Date: Janua 1, 2000 
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Appendix 11 

DISTILLATION COLUMN - SPECIFICATION SHEET 

Equipment number · CI0l rev 3.00 · 

!~ 
Name · EO Absorber · 

General Data 
Service · absorbtion · 
Column type · structured packing 10 · Tray / Packing type · mellapak 250X · 
Stages ill - Theoretical · 15 · 

- Feed 1, 15 
... 

· AI_ · ~~ HETP [m] · 2.1 Tray material . PP · . ... 
1/1 

Column diameter [m] · 4.72 Column material : CS @ · 
Column height [m] · 31.5" · Heating · none · 

Process Conditions 
Stream details Feed 112 Top 113 Bottom 124 Absorbent 127 
Temp. [0C] 43.0 22.7 42.2 20 
Pressure [bara] 19.9 20 20 20 
Density [kg/m3

] 18 19 992 929 
Vapor frac [-] .997 1 0 0 
Mass flow [kg/sJ 223 212 319 308 
Composition (frac) mol wt mol wt mol wt mol wt 
EO 0.02 0.039 194 PPB 393 PPB 0.038 0.027 20 PPB 14 PPB 

MEG 5 PPM 15 PPM 0.407 0.412 0.432 0.426 

Ethylene 0.207 0.262 0.212 0.273 0.004 0.002 0.001 541 PPM 

Water 0.007 0.006 725 PPM 599 PPM 0.197 0.058 0.196 0.056 

Methane 0.63 0.454 0.648 0.477 0.003 695 PPM 400 PPM 102 PPM 

Oxygen 0.051 0.073 0.052 0.077 167 PPM 87 PPM 21 PPM 11 PPM 

Argon 0.01 0.018 0.01 0.019 32 PPM 21 PPM 4 PPM 2 PPM 

EC 937 PPB 4 PPM 483 PPB 2 PPM 0.344 0.494 0.365 0.511 

CO2 0.075 0.148 0.076 0.154 0.005 0.004 0.003 0.002 

DEG 107 PPB 508 PPB 4 PPB 22 PPB 0.002 0.003 0.002 0.003 

Acetaldehydes 141 PPB 278 PPB 63 PPB 127 PPB 297 PPB 214 PPB 153 PPB 107 PPB 

Column Internals 
Packing 
Type : Mellapak 250X 
Material : PP 
Fractional approach to max. capacity : 0.9 
Max. capacity factor: 0.094 [mlsec] 
Surface area: 250 [m2/m3

] 

Average p-drop/height : 3.31 [mbar/m] 
Remarks: section pressure drop : 0.103 atm 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
FA Sheldon 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1, 2000 
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Appendix 11 

DISTILLATION COLUMN - SPECIFICATION SHEET 

Equipment number · C301 rev 3.00 · Name Water removal ~Ul · ö · ... 
General Data i--l Service · distillation · 

Column type · tray ~O · 
Tray / Packing type · sieve tray . · 
Stages iJ] - Theoretical · 6 · 

- Actual 
... 

· 10 ~:I · -Feed · 7 Ö · ... 
lil 

Tray spacing [m] · .6096 Tray material . CS ® · . 
Column diameter [m] · 2.77" Column material : CS · 
Column height [m] · 6.10 · 
Heating : thermosyphon 

Process Conditions 
Stream details Feed 302 Top (I) 313 Bottom 306 Top (g) 308 
Temp. [0C] 145.6 43.8 132.3 43.8 

Pressure [bara] 9.5 0.1 0.1 0.1 
Density [kglm3

] 991 981 1011 <1 
Mass flow [kgls] 16.16 4.52 7.13 4.52 
Composition Jfrac) mol Wt mol wt mol wt mol wt 
EO 
MEG 0.795 0.92 0.004 0.012 0.994 0.992 0.004 0.012 

Ethylene 2 PPM 1 PPM 10 PPM 14 PPM trace trace 10 PPM 14 PPM 

Water 0.189 0.063 0.937 0.856 0.001 411 0.937 0.856 
PPM 

Methane 76 PPB 23 PPB 377 PPB 307 PPB trace trace 377 PPB 307 PPB 

Oxygen 3 PPB 2 PPB 13 PPB 20 PPB trace trace 13 PPB 20 PPB 

Argon trace Trace 2 PPB 5 PPB trace trace 2 PPB 5 PPB 

EC 194 PPM 318 PPM 243 343 
PPM PPM 

CO2 0.012 0.01 0.059 0.132 trace trace 0.059 0.132 

DEG 0.003 0.007 0.004 0.007 

Acetaldehydes 42 PPB 35 PPB 210 PPB 470 PPB trace trace 210 PPB 470 PPB 

Column Internals 
Trays 
Sieve hole diameter [cm] · 1.27 · 
Sieve hole area to 

active area ratio · 0.12 · 
Weir length [m] · 2.02 · 
Murphree eff · 0.60 · 
Downcorner area/column area · 0.10 · 
Remarks: 
Section pressure drop= 0 .025 atm Reboiler E301 Reflux ratio = 0.57 
Distillate vapor fraction= 50 moI% 

Designers: F. Kleijn van Willigen 
M.J . Sor edra er 

Condenser E302 

R.M. Boucke 
FA Sheldon 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1, 2000 
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Appendix 11 

DISTILLATION COLUMN - SPECIFICATION SHEET 

Equipment number · C302 rev 3.00 · 

I~ 
Name · MEGpurification · 

General Data 
Service · Distillation, total condensor · 
Column type · structured packing ~O · 
Tray / Packing type · Mellapak 250X · 
Stages · i]) · 

- Theoretical · 11 · 
- F eed (actual) 3 

.. · gJ\ · 
HETP [ml · 2.1 Packing material: SS 8" · .. 

1/1 

Column diameter [m] : 2.92 Column material : CS ® 
Column height [m] · 23 .10 · 
Heating : thermosyphon 

Process Conditions 
Stream details Feed 307 TOR 305 Bottom 309 
Temp. [OC] 132.3 129.8 164.4 

Pressure [bara] 0.1 0.09 0.09 
Density [kg/m3

] 1010 1013 930 

Mass flow [kg/sJ 7.188 7.129 0.058 

Composition (frac) mol Wt mol wt mol wt mol wt 
EO 
MEG 0.994 0.992 0.998 0.999 0.192 0.122 
Ethylene trace Trace 
Water 0.001 411 PPM 0.001 415 PPM trace trace 
Methane trace Trace 
Oxygen trace Trace 
Argon trace Trace 
EC 243 PPM 343 PPM 104 PPM 147 PPM 0.027 0.024 
CO2 trace Trace 
DEG 0.004 0.007 251 PPM 429 PPM 0.782 0.853 
Acetaldehydes trace Trace 

Column Internals 
Packing 
Type . Mellapak 250X . 
Material : SS 
Fractional approach to max. capacity : 0.62 
Max. capacity factor: 0.108 [rn/sec] 
Surf ace area: 250 [m2/m3

] 

Averagep-drop/height : l.28 [mbar/ml 
Remarks: 
section pressure drop= 0.024 atm Reboiler E303 
Reflux ratio = 0.314 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

Condenser E304 

R.M. Boucke 
FA Sheldon 

Project ID: CPD3244 / P80511 CA30 
Date : Janua 1, 2000 

-_ .. __ ... _-------------------------------------' 
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Appendix 11 

DISTILLATION COLUMN - SPECIFICATION SHEET 

Equipment number · C401 rev 3.00 · 

i~ 
Name · Raw EO Stripper · 

General Data 
Service · heat stripping, pressure swing · 
Column type · structured packing 10 · 
Tray / Packing type · Mellapak 250Y · 
Stages iJl - Theoretical · 10 · 

- Feed 
... 

· 1 8]\ · 
HETP [m] · 2.9 Tray material . PVDF c; 

· . ... 
(/I 

Column diameter [m] · 3.38 Column material : SS ® · 
Column height [m] · 20.30 · 
Heating · thermosyphon · 

Process Conditions 
Stream details Feed 401 Top 402 Bottom 413 Reflux 
Temp. [OC] 41.8 62.2 137.1 
Pressure [bara] 20 1 1 
Density [kg/m3

] 1.122 .001 1.064 
Mass flow [kg/sJ 131.4 4.665 126.75 

Composition (frac) mol wt Mol wt mol wt mol wt 
EO 0.038 0.027 0.688 0.773 trace trace 

MEG 0.407 0.412 0.001 0.002 0.431 0.427 

Ethylene 0.004 0.002 0.072 0.051 trace trace 

Water 0.197 0.058 0.09 0.041 0.203 0.058 

Methane 0.003 695 PPM 0.048 0.02 trace trace 

Oxygen 167 PPM 87 PPM 0.003 0.002 trace trace 

Argon 32 PPM 21 PPM 568 PPM 579 PPM trace trace 

EC 0.344 0.494 105 PPM 235 PPM 0.364 0.512 

CO2 0.005 0.004 0.098 0.11 trace trace 

DEG 0.002 0.003 897 PPB 2 PPM 0.002 0.003 

Acetaldehydes 297 PPB 214 PPB 5 PPM 6 PPM trace trace 

Column Internals 
Packing 
Type · Mellapak 250Y · 
Material · PVDF · 
Fractional approach to max. capacity : 0.8 
Max. capacity factor: 0.059 [rn/sec] 
Surf ace area: 250 [m2/m3

] 

Average p-drop/height : 1.13 [mbar/m] 
Remarks: 
pressure drop= 0.022 atm Reboiler E401 
boilup ratio= 0.308 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
FA Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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Appendix 11 

DISTILLATION COLUMN - SPECIFICATION SHEET 

Equipment number · C402 rev 3.00 · 

J.~ 
Name · secondary EO absorber · 

General Data 
Service · absorbtion · Column type · structured packing !O · 
Tray / Packing type · Mellapak 250Y · 
Stages iJl - Theoretical · 9 · ... 

- Feed 1,9 · 8:X · 
HETP [m] · 2.9 Tray material . PP Ö · . ... 

1/1 

Column diameter [m] · 0.79 Column material : ss ® · 
Column height [m] · 23 .2 · 
Heating · none · 

Process Conditions 
Stream details Feed 424 Top 421 Bottom 406 Absorbent 416 
Temp. [0C] 43 46.6 50.3 43 

Pressure [bara] 10 10 10.0 10 

Density [kg/m3
] 80 9 919.0 1175 

Mass flow [kg/sJ 7.876 · 0.927 18.060 11.111 

Composition (frac) mol Wt mol wt mol wt mol wt 

EO 0.758 0.818 101 PPB 135 PPB 0.429 0.357 

MEG 642 PPM 976 PPM 50 PPM 95 PPM 0.211 0.247 0.408 0.401 

Ethylene 0.053 0.037 0.317 0.27 0.005 0.003 0.002 0.001 

Water 0.057 0.025 0.004 0.002 0.134 0.045 0.197 0.056 

Methane 0.031 0.012 0.207 0.101 733 PPM 222 PPM 762 PPM 193 PPM 

Oxygen 0.002 0.001 0.013 0.013 32 PPM 19 PPM 40 PPM 20 PPM 

Argon 361 PPM 353 PPM 0.002 0.003 6 PPM 4 PPM 7 PPM 5 PPM 

EC 65 PPM 139 PPM 6 PPM 15 PPM 0.198 0.329 0.383 0.534 

CO2 0.097 0.105 0.456 0.611 0.021 0.017 0.007 0.005 

DEG 553 PPB 1 PPM 44 PPB 143 PPB 915 PPM 0.002 0.002 0.003 

Acetaldehydes 6 PPM 6 PPM 377 PPB 504 PPB 3 PPM 3 PPM 291 PPB 203 PPB 

Column Internals 
Packing 
Type · Mellapak 250Y · 
Material · PP · 
Fractional approach to max. capacity : 0.8 
Max. capacity factor: 0.025 [mlsec] 
Surface area : 250 [m2/m3

] 

Average p-drop/height : 0.18 [mbar/m] 
Remarks: Pressure drop: 0.005 atm 

Designers: F. Kleijn van Willigen 
M.J. Sar edra er . 

R.M. Boucke 
FA Sheldan 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1, 2000 
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Appendix 11 

DISTILLATION COLUMN - SPECIFICATION SHEET 

Equipment number · · 
Name · · 
Service · · 
Column type · · 
Tray / Packing type · · 
Stages 

- Theoretical · · 
- Feed · · 

HETP [m] · · 
Column diameter [m] · · 
Column height [m] · · 
Heating · · 
Stream details Feed 
Temp. [0C] 50.3 

Pressure [bara] 10 
Density [kg/m3

] 919.0 

Mass flow rkg/sl 18.060 

Composition (frac) mol 
EO 0.429 

MEG 0.211 

Ethyl ene 0.005 

Water 0.134 

Methane 733 PPM 

Oxygen 32 PPM 

Argon 6 PPM 
EC 0.198 
CO2 0.021 
DEG 915 PPM 

Acetaldehydes 3 PPM 

Remarks: 
pressure drop= 0.0077 atm 
boilup ratio= 0.36 

Designers: F. Kleijn van Willigen 
M.J . Sor edra er 

C403 rev 3.00 

i~ 
secondary EO stripper 
General Data 
Stripping w/ heat 
Structured packing ~O Mellapak 250Y 

i]] 5 
~ 

1 1»_ 

i~ 2.9 Tray material . PP . 
1.77 Column material : ss ® 
11.60 
thermosyphon 

Process Conditions 
406 Top 407 Bottom 417 

22.8 109.6 

0.5 0.5 
4.0 858.0 
6.923 11.137 

wt Mol wt mol wt mol wt 
0.357 0.905 0.931 538 PPB 381 PPB 

0.247 80 PPM 116 PPM 0.402 0.4 
0.003 0.011 0.007 trace trace 
0.045 0.038 0.016 0.22 0.064 
222 PPM 0.002 579 PPM tra ce trace 
19 PPM 66 PPM 50 PPM trace trace 
4 PPM 12 PPM 11 PPM trace trace 
0.329 7 PPM 15 PPM 0.377 0.533 
0.017 0.044 0.045 trace trace 
0.002 59 PPB 146 PPB 0.002 0.003 
3 PPM 7 PPM 7 PPM trace trace 

Column Internals 
Packing 
Type · Mellapak 250Y · 
Material · PVDF · 
Fractional approach to max. capacity : 0.62 
Max. capacity factor: 0.056 [mlsec] 
Surface area: 250 [m2/m3

] 

Average p-drop/height : 0.68 [mbar/m] 

Reboiler E405 

R.M. Boucke 
F.A. Sheldon 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1. 2000 
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Appendix 11 

DISTILLATION COLUMN - SPECIFICATION SHEET 

Equipment number · C404 rev 3.00 · 

i~ 
Name · HE separator · 

General Data 
Service · distillation, total condensor · Column type · Tray ~O · 
Tray / Packing type · Sleve · 
Stages - Actual · 19 ij] · 

- Theoretical · 15 · - Feed (actual) 
... · 8 1)-· I~ Tray height [m] · .6096 Tray material . SS · . 

Column diameter [m] : 1.22 Column material : SS ® 
Column height [m] · 11.58 · 
Heating · thermosyphon · 

Process Conditions 
Stream details Feed 410 Top 419 Bottom 418 Reflux 
Temp. [0C] 61.1 29.2 120.6 
Pressure [bara] 5 2.0 2.0 
Density [kg/m3

] 813 855 896 
Mass flow [kg/s 1 3.712 3.604 0.108 
Composition (frac) mol Wt mol wt mol wt mol wt 

EO 0.932 0.971 1 1 138 PPM 335 PPM 
MEG 148 PPM 217PPM 2 PPB 3 PPB 0.002 0.007 
Ethylene trace Trace 
Water 0.067 0.029 23 PPM 9 PPM 0.997 0.991 
Methane trace Trace 
Oxygen trace Trace 
Argon trace Trace 
EC 13 PPM 28 PPM trace trace 199 PPM 968 PPM 
CO2 trace Trace 
DEG 109 PPB 272 PPB trace trace 2 PPM 9 PPM 
Acetaldehydes 8 PPM 8 PPM 8 PPM 8 PPM 3 PPB 7 PPB 

Column Internals 
Trays 
Number of trays : 19 
Murphree efficiency · 0.8 · 
Sieve hole area to active area ratio · 0.12 · 
Weir length [m] · 0.88 · 
Downcorner area/column area 0.1 
Side downcomer vel. [mlsec] 0.0044 
Remarks: pressure drop= 0.041 atm 
reflux ratio : 0.121 Reboiler E406 
boilup ratio: 7.27 Condenser E407 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
FA Sheldon 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1 , 2000 
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Appendix 11 

DISTILLATION COLUMN - SPECIFICATION SHEET 

Equipment number · C405 rev 3.00 · 

!~ 
Name · LE separator · 

General Data 
Service · distillation, no condensor · 
Column type · tray ~O · 
Tray / Packing type · Sleve · 
Stages - Actual · 10 iJ) · 

- Theoretical · 8 · 
- Feed 

... 
· 1 11 .... · ~.Ä Tray spacing [m] · .6096 Tray material . SS · . 

Column diameter [m] · 0.91 Column material : SS @ · 
Column height [m] · 6.10 · 
Heating · thermosyphon · 

Process Conditions 
Stream details Feed 409 Top 411 Bottom 410 
Temp. [0C] 56.8 55.8 61.1 

Pressure [bara] 2.5 5.0 5.0 

Density [kg/m3
] 4 8 809 

Mass flow [kg/sJ 6.923 3.211 3.712 

Composition (frac) mol Wt mol wt mol wt mol wt 
EO 0.905 0.931 0.872 0.884 0.932 0.971 

MEG 80 PPM 116 PPM 47 PPB 67 PPB 148 PPM 217 PPM 

Ethylene 0.011 0.007 0.024 0.016 trace trace 

Water 0.038 0.016 0.004 0.002 0.067 0.029 

Methane 0.002 579 PPM 0.003 0.001 trace trace 

Oxygen 66 PPM 50 PPM 145 PPM 107 PPM tra ce trace 

Argon 12 PPM 11 PPM 27 PPM 25 PPM trace trace 

EC 7 PPM 15 PPM trace 1 PPB 13 PPM 28 PPM 

CO2 0.044 0.045 0.096 0.097 trace trace 

DEG 59 PPB 146 PPB trace trace 109 PPB 272 PPB 

Acetaldehydes 7 PPM 7 PPM 6 PPM 7 PPM 8 PPM 8 PPM 

Column Internals 
Trays 
Number of trays · 10 · 
Murphree eff. · 0.80 · 
Sieve hole area to active area ratio · 0.12 · 
Weir length [m] : 0.69 
Downcorner area/column area 0.11 
Side downcomer vel. [mlsec] 0.110 
Remarks: 
boil-up ratio : 0.78 Reboiler E41 0 
section pressure drop= 0 .083 atm 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
FA Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

: E101 In series : Equipment number 
Name : F eed Preheater In parallel: 4 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 
Log. mean temp. difference (LMTD) 
Passes tube side 
Passes shell side 
Correction factor LMTD 

Medium 
Temp. in 
Temp. 
Pressure 
Density 
Mass flow 
Vapor fraction 
Average specific 
heat 
Heat of 
evap.lcond. 
Material 

[OC] 
[OC] 
[bara] 
[kg/m3

] 

[kg/hr] 

[kJ/kg K] 

[kJ/kg] 

I Remarks: 
Four exchangers parallel 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy DocumentslCPDlEquipment designlE101OS.doc 

: 

· · · · · · 
: 

· · · · 
· · 
· · 

· Heat exchanger · · Fixed tubes · 
: Horizontal 

· 31901 kW · · 3973 m2 · · 110 W/m2 K · · 73 K · · 1 · · 1 · · 1 · 
Process Conditions 
Shell side 
Reactor out 
180 
110 
19.9 
12 
802142 
1 
2.132 

-

ss 

Design 
Revision : 3.00 

Tube side 
Reactor in 
34 
109.6 
19.9 
19 
802130 
1 
l.836 

ss 

R.M. Boucke 
FA Sheldon 

Project ID: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E104 In series . · . 
Name Effluent Cooler In parallel: 4 · · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 
Log. mean temp. difference (LMTD) 
Passes tube side 
Passes shell side 
Correction factor LMTD 

Medium 
Temp. in [OC] 
Temp. [OC] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specific [kj/kg K] 
heat 
Heat of [kj/kg] 
evap./cond. 
Material 

I Remarks: 
~our exchangers parallel 

· · 
: 

· · · · · · · · · · 
· · 
: 

· Heat exchanger · · Fixed tubes · · Horizontal · · 29665 kW · · 825 m2 · 300 W/m2 K · · · 30K · · 1 · · 1 · 
: 1 

Process Conditions 
Shell side 
Cooling water 
33 
43 
1 
998 
2554898 
0 
4.2 

-

cs 

Design 
Revision : 3.00 

Tube side 
liquid 
110 
43 
19.9 
14.0 
1021230 
1 
2l.961 

-

ss 

~ln ö ... 

i--i 
~O 
iJl ... 8:K Ö ... 
1/1 

® 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F.A. Sheldon 

Project ID: CPD3244 / P80S11 CA30 
Date: Janua 1, 2000 

C:lMy DocumenlslCPDlEquipment designlE1 04DS.doc 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · EI05a In series . 1 · . 
Name · Absorbent cooler In para11el: ~ · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 
Log. mean temp. difference (LMTD) 
Passes tube side 
Passes shell side 
Correction factor LMTD 

Medium 
Temp. in [OC] 
Temp. [OC] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specific [kj/kg K] 
heat 
Heat of [kj/kg] 
evap./cond. 
Material 

I Remarks 

: 

: 

· · 
: 

· · 
: 
: 

: 

· · 

· Heat exchanger · · Fixed tubes · · Horizontal · · 15466 kW · · 477 m2 

· 
900 W/m2 K · · · 36K · · 1 · · 1 · 

: 1 
Process Conditions 
Shell side 
Chilled water 
4 
10 
1 
998 
2210340 
0 
4.2 

-

cs 

Design 
Revision : 3.00 

Tube side 
liquid 
43 
20 
20 
1100 
1108380 
0 
2.369 

-

ss 

f~ 
~O 
ill ... 
~:x c; ... 
(/I 

® 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F .A. Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 

C:lMy DocumenlslCPDlEquipment designlE1 05aDS.doc 



11 

11. 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

HEAT EXCHANGER - SPECIFICATION SHEET 

: EI05b In series : -( Equipment number 
Name : Absorbent cooler In parallel: ~ , 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 
Log. mean temp. difference (LMTD) 
Passes tube side 
Passes shell side 
Correction factor LMTD 

Medium 
Temp. in 
Temp. 
Pressure 
Density 
Mass flow 
Vapor fraction 
Average specific 
heat 
Heat of 
evap./cond. 
Material 

I Remarks: 

[OC] 
[OC] 
[bara] 
[kglm3

] 

[kglhr] 

[kJ/kg K] 

[kJ/kg] 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy DocumentslCPDlEquipment designlE1 05bDS.doc 

: Heat exchanger 
: Fixed tubes 
: Horizontal 
: 23707 kW 
: 825 m2 

: 900 W/m2 K 
: 32 K 
: 1 
: 1 
: 1 

Process Conditions 
Shell side 
Cooling water 
33 
43 
1 
998 
2048650 
o 
4.2 

cs 

Design 
Revision : 3.00 

Tube side 
liquid 
117 
43 
20 
1100 
1108380 
o 
2.369 

ss 

R.M. Boucke 
F.A. Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E201 In series . · . 
Name · Preheater In parallel : 3 · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 
Log. mean temp. difference (LMTD) 
Passes tube side 
Passes shell side 
Correction factor LMTD 

Medium 
Temp. in [OC] 
Temp. out [OC] 
Pressure [bara] 
Density [kglm3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specific [kj/kg K] 
heat 
Heat of [kj/kg] 
evap./cond. 
Material 

I Remarks: 3 exchangers 
parallel 

· · · · 
: 

· · · · · · · · · · 
: 

· · 

· Heat exchanger · · Fixed Tube · 
: Horizontal 

· 26108 kW · · 2950m2 · 400 W/m2 K · · 
: 22 

· 1 · · 1 · · 1 · 
Process Conditions 
Shell side 
liquid 
42 
105 
20 
1100 
1108380 
-
-

-

cs 

Design 
Revision : 3.00 

Tube side 
liquid 
117 
78 
33 
1157 
675184 
0 
2.100 

-

ss 

I~ 
~O 
iJ] ... D)_ 
~~ 

@ 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F.A. Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date : Janua 1, 2000 

C:lMy Documenls\CPD\Equipment design\E201 DS.doe 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E202 In series . · . 
Name · Preheater In parallel: 1 · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 
Log. mean temp. difference (LMTD) 
Passes tube side 
Passes shell side 
Correction factor LMTD 

Medium · · 
Temp. in [0C] · · 
Temp. out [OC] · · 
Pressure [bara] · · 
Density [kg/m3

] : 
Mass flow [kg/hr] : 
Vapor fraction : 
Average specific [kj/kg K] : 
heat 
Heat of [kj/kg] : 
evap.lcond. 
Material · · 
I Remarks: 

· Heat Exchanger · · Fixed Tube · · Horizontal · · 3473 kW · · 111 m2 

· 
1000 W/m2 K · · · 31 · · 1 · · 1 · · 1 · 

Process Conditions 
Shell side 
Condensing steam 
160 
160 
7.8 
-
6008 
-
-

2084.3 

cs 

Design 
Revision : 3.00 

Tube side 
Liquid 

89 
150 
10 
1105 
77472 
0 
2.495 

-

ss 

I~ 
~O 
iJ] ... 1)_ 

i~ 
® 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F.A. Sheldon 

Project ID: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 

C:lMy OocumentslCPDlEquipment designlE202DS.doc 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E203 In series . -1 · . 
Name · Preheater In parallel : y ~ · 

General Data 
Service · Heat exchanger · Type · Fixed Tube · Position · Horizontal · Capacity · 406 kW · 
Heat exchange area · 24 m2 · 
Overall heat transfer coefficient 1000 W/m2 K · · 
Log. mean temp. difference (LMTD) · 17 · 
Passes tube side · 1 · 
Passes shell side · 1 · 
Correction factor LMTD : 1 

Process Conditions 
Shell side Tube si de 

Medium · · 
Temp. in [OC] : 
Temp. out [OC] : 
Pressure [bara] · · 
Density [kg/m3

] : 
Mass flow [kg/hr] · · 
Vapor fraction : 
Average specific [kJ/kg K] · · 
heat 
Heat of [kJ/kg] · · 
evap./cond. 
Material : 

I Remarks: 

Condensing steam 
160 
160 
7.8 
-
703 
-
-

2084.3 

ss 

Design 
Revision : 3.00 

Liquid 
133 
150 
10 
822 
67931 
0 
-

-

ss 

I~ 
~O 
iJ] ... AJ_ 

~.l\ 
@ 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F.A. Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 

C:lMy OocumentslCPDlEquipmenl designlE203DS.doc 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E30l In series . · . 'f ..... 
Name · Reboiler C301 In parallel : ..Jo"'" · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Reduced temperature 
Heat flux 

Medium 
Temp. in [OC] 
Temp. out [0C] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specific [kj/kg K] 
heat 
Heat of [kj/kg] 
evap./cond. 
Material 
Remarks: 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy DocumentslCPOlEquipment designlE301 OS.doe 

: 

· · · · · · 
: 

· · · · · · 
: 

· · 

· Reboiler · · Thermosyphon · · Vertical · · 3500 kW · · 100 m2 

· · 0.41 · · 35000 W/m2 

· 
Process Conditions 
Shell side 
Condensing steam 
160 
160 
7.8 
-
6054 
-

2084.3 

cs 

Design 
Revision : 3.00 

Tube side 
Liquid 
-
132 
0.1 
1010 
84636 
0 
2.819 

-

cs 

R.M. Boucke 
F .A. Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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11 

11 

11 

11 

11 

11 

HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E302 In series : 1 · 
Name · Condenser C301 In parallel : ~ · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 

Medium 
Temp. in [OC] 
Temp. out [OC] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specitic [kj/kg K] 
Heat of [kJ/kg] 
evap./cond. 
Material 

I Remarks: 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy DocumentslCPDlEquipment designlE302DS.doc 

· · · · 
: 
: 

· · · · · · 
: 
: 

· · 

: Condenser 

· Fixed tubes · · vertical · · 4413 kW · · 337 m2 

· · 2000 W/m2 K · 

Process Conditions 
Shell side 
ChiIled water 
4 
10 
1 
998 
630687 
0 
4.2 
-

cs 

R.M. Boucke 
F.A. Sheldon 

Design 
Revision : 3.00 

Tube side 
Liquid 
-
14 
0.1 
-
4291 
0.5 
2.704 
-

cs 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1. 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number . E303 In series . '1 . . 
Name : Reboiler C302 In parallel: / 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Reduced temperature 
Heat flux 

Medium 
Temp. in [OC] 
Temp. out [OC] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kglhr] 
Vapor fraction 
Average specific [kj/kg K] 
heat 
Heat of [kj/kg] 
evap.lcond. 
Material 

I Remarks: 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy DocumentslCPD\Equipment designlE303DS.doc 

: 

· · · · · · · · · · · · 
: 

: 

· · 

· Reboiler · · Thermosyphon · · Vertical · · 8889 kW · · 148 m2 · · 0.55 · · 60000 W/m2 

· 
Process Conditions 
Shell side 
Condensing steam 
230 
230 
27.6 
-
17663 
-
-

1785.1 

cs 

Design 
Revision : 3.00 

Tube side 
Liquid 
-
164 
0.1 
930 
275.7 
0 
2.898 

-

cs 

R.M. Boucke 
FA Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E304 In series . 4 · . 
Name · Condenser C302 Ingarallel: ~ · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Reduced Temperature 
Heat flux 

Medium 
Temp. in [OC] 
Temp. out [OC] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specif1c [kj/kg K] 
heat 
Heat of [kj/kg] 
evap./cond. 
Mat eri al 

I Remarks: 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy DocumentslCPDlEquipment designlE304DS.doc 

: 

· · · · 
: 

· · · · · · 
: 

: 

· Condenser · · Vertical · · Fixed Tubes · · 8944 kW · · 256 m2 

· · 0.35 W/m2 K · · 35000 · 
Process Conditions 

Evaporating BFW water 
120 
120 
1.9 
-
11899 
-
4.2 

2204.67 

cs 

Design 
Revision : 3.00 

Liquid 
-
130 
0.1 
-
33622.4 
0 
2.807 

-

cs 

R.M. Boucke 
F .A. Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E401 In series . '\ · . 
Name · Reboiler C401 In parallel : 1'"'" · 

General Data 
Service · Reboiler · 
Type · Thermosyphon · 
Position · Vertical · 
Capacity · 29806 kW · 
Heat exchange area · 497 m2 

· 
Reduced temperature · 0.51 · 
Heat flux · 60000 W/m2 

· 
Process Conditions 
Shell side Tube side 

Medium · Condensing steam Liquid · 
Temp. in [0C] · 230 -· 
Temp. out [0C] : 230 136 
Pressure [bara] : 27.6 l.0 
Density [kg/m3

] · - 847 · 
Mass flow [kg/hr] · 59226 6762 · 
Vapor fraction : - 0 
Average specitic [kj/kg K] : - 2.422 
heat 
Heat of [kj/kg] : - -
evap./cond. 
Material · cs ss · 

• I Remark,: - ~--------------------------------------~ 

11 

-
11 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:IMy DocumentslCPDIEquipment designlE401 DS.doe 

R.M. Boucke 
F.A. Sheldon 

Design 
Revision : 3.00 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment numher · E402 In series : -'\ · 

i.~ 
Name · Post- Cooler In parallel : Y · 

General Data 
Service · Cooler · 
Type · Fixed tube ~O · 
Position · Horizontal · 
Capacity · 542 kW ~Jl · 
Heat exchange area · 49 m2 

· 
Overall heat transfer coefficient 300 W/m2 K 

.. 
· ~J\ · 

Log. mean temp. difference (LMTD) · 37 Ö · .. 
(/I 

Passes tube side · 1 ® · 
Passes shell side · 1 · 
Correction factor LMTD · 1 · 

Process Conditions 
Shell side Tube side 

Medium : Cooling water Vapor 
Temp. in [0C] : 33 134 
Temp. out [OC] : 43 43 
Pressure [bara] : 1 2.5 
Density [kg/m3

] : 998 3 
Mass flow [kg/hf] : 46711 16793 
Vapor fraction : 0 1 
Average specific [kj/kg K] · 4.2 1.469 · 
heat 
Heat of [kj/kg] · - -· 
evap./cond. 
Material · cs ss · 

11 I~R_e_m_a_r_ks_: ______________________________________________________ ~ 
11 Design 

11 

11 

11 

11 

11 

11 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy DocumentslCPOIEquipment designlE4020S.doc 

R.M. Boucke 
F.A. Sheldon 

Revision : 3.00 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1, 2000 
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11 

11 

11 

11 

11 

11 

11 

11 

11 

HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E403 In series : 1 · 
Name · Post cooler In parallel: y · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 
Log. mean temp. difference (LMTD) 
Passes tube side 
Passes shell side 
Correction factor LMTD 

Medium 
Temp. in [OC] 
Temp. out [0C] 

Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specific [kj/kg K] 
Heat of [kj/kg] 
evap./cond. 
Material 

I Remarks: 

: 
: 
: 
: 

· · · · 
: 

· · 
: 

· · 

· Cooler · · Fixed tube · · Horizontal · · 4636kW · · 431 m2 · 300 W/m2 K · · · 36 · · 1 · · 1 · · 1 · 
Process Conditions 
Shell side 
Cooling water 
33 
43 
1 
998 
399253 
0 
4.2 
-

cs 

Design 
Revision : 3.00 

Tube side 
Vapor 
131 
43 
10 
12 
28352 
1 
1.462 
-

ss 

~Ul 
~~ 
~O 
iJ] .. D3_ 
~~ 

@ 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F.A. Sheldon 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 

C:\My DocumentslCPD\Equipment designlE403DS.doc 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number . E404 In series . 1 . . 
Name : Absorbent cooler In parallel : ...I-' I--" 

General Data 
SelVice · Cooler · 
Type · Fixed tube · 
Position · Horizontal · 
Capacity · 1359 kW · 
Heat exchange area · 67 m2 

· 
750 W/m2 K Overall heat transfer coefficient · · 

Log. mean temp. difference (LMTD) · 27 · 
Passes tube side · 1 · 
Passes shell side · 1 · 
Correction factor LMTD · 1 · 

Process Conditions 
Shell side Tube side 

Medium · · 
Temp. in [0C] · · 
Temp. out [0C] · · 
Pressure [bara] · · 
Density [kg/m3

] · · 
Mass flow [kglhr] · · 
Vapor fraction · · 
Average specific [kj/kg K] : 
heat 
Heat of [kj/kg] : 
evap./cond. 
Mat eri al : 

I Remarks: 

Cooling water 
33 
43 
1 
998 
117079 
0 
4.2 

-

cs 

Design 
Revision : 3.00 

Liquid 
100 
43 
10 
1120 
40000 
0 
2.275 

-

ss 

i~ 
~O 
iJ) .. 1)-
[1\ 

ti) 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

R.M. Boucke 
F.A. Sheldon 

Project 10: CP03244 / P80511 CA30 
Date: Janua 1, 2000 

C:lMy DocumentslCPDlEquipment designlE404DS.doc 
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11 

11 

11 

11 

11 

11 

11 

11 

11 

HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E405 In series . 1 · . 
Name · Reboiler C403 In parallel : ~ · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Reduced temperature 
Heat flux 

Medium 
Temp. in [OC] 
Temp. out [OC] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specific [kJ/kg K] 
heat 
Heat of [kJ/kg] 
evap./cond. 
Material 

I Remarks: 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy Documents\CPDlEquipment design\E40SDS.doc 

· · · · · · · · 
: 

· · 
: 

· · 
: 

· · 

· Reboiler · · Thermosyphon · · Vertical · · 5000 kW · · 143 m2 · · 0.37 · · 35000 W/m2 

· 
Process Conditions 
Shell side 
Condensing steam 
160 
160 
7.8 
-
8649 
-
-

2084.3 

cs 

Design 
Revision: 

Tube side 
Liquid 
-
109 
0.5 
858 
40094 
0 
2.279 

-

ss 

R.M. Boucke 
FA Sheldon 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1, 2000 
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11 

11 

11 

11 

11 

11 

HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E406 In series : -1 · 
Name · Reboiler C404 In parallel : -4--· 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Reduced temperature 
Heat flux 

Medium 
Temp. in [0C] 

Temp. out [0C] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specific [kJ/kg K] 
heat 
Heat of [kJ/kg] 
evap./cond. 
Material 

I Remarks: 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:\My DocumentslCPDlEquipment designlE406DS.doc 

: 
: 
: 
: 
: 

· · · · · · 
· · 
· · 

· Reboiler · · Thermosyphon · · Vertical · · 2031 kW · · 51 m2 

· · 0.39 · · 40000 W/m2 

· 
Process Conditions 
Shell side 
Condensing steam 
160 
160 
7.8 

-
3512 
-
-

2084.3 

cs 

Design 
Revision : 3.00 

Tube side 
Liquid 
-
121 
2 
896 
387 
0 
2.208 

-

ss 

R.M. Boucke 
F.A. Sheldon 

Project 10: CPD3244 I P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E407 In series : "1 · 
Name · Condenser C404 In parallel: ...}--' · 

General Data 
Service 
Type 
Position 
Capacity 
Heat exchange area 
Overall heat transfer coefficient 

Medium 

Temp. in [0C] 
Temp. out [0C] 
Pressure [bara] 
Density [kg/m3

] 

Mass flow [kg/hr] 
Vapor fraction 
Average specific [kj/kg K] 
heat 
Heat of [kj/kg] 
evap./cond. 
Material 

I Remarks: 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:IMy DocumentslCPDlEquipment designlE407DS.doc 

· · 

· · · · · · 
: 

· · 
: 

: 

· · 

· Condenser · · Fixed Tubes · · Vertical · · 2300 kW · 
52 m2 

· 2000 W/m2 K · 

Process Conditions 
Shell side 
Chilled water 

4 
10 
1 
998 
328702 
0 
4.2 

-

cs 

R.M. Boucke 
FA Sheldon 

Design 
Revision : 3.00 

Tube side 
Liquid 

-
29 
2 
26 
12976 
0 
2.208 

-

ss 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E408 In series . 
1 · . 

Name · Post cooler K404 In parallel : ...}-"" · 
General Data 

Service · Heat exchanger · 
Type · Fixed Tube · 
Position · Horizontal · 
Capacity · 744 kW · 
Heat exchange area · 48 m2 

· 
300 W/m2 K Overall heat transfer coefficient · · 

Log. mean temp. difference (LMTD) · 51 K · 
Passes tube side · 1 · 
Passes shell side · 1 · 
Correction factor LMTD · 1 · 

Process Conditions 
Shell side Tube side 

Medium · Cooling water Vapor · 
Temp. in [0C] · 33 138 · 
Temp. out [0C] : 43 57 
Pressure [bara] · 1 2.5 · 
Density [kg/m3

] · 998 3 · 
Mass flow [kg/hr] : 64053 24922 
Vapor fraction : 0 1.0 
Average specific [kj/kg K] · 4.2 2.072 · 
heat 
Heat of [kj/kg] · - -· 
evap./cond. 
Material · cs ss · 

!~ 
~O 
iJl ... 1)-
i~ 

@) 

111 ~R __ em __ ar_k_s: ______________________________________________________ ~ 
11 Design 

11 

11 

11 

11 

11 

11 

11 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:\My OocumentslCPDlEquipment designlE408DS.doc 

R.M. Boucke 
FA Sheldon 

Revision : 3.00 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E409 In series . "1 · . 
Name · Post cooler K404 In parallel: · 

General Data 
Service · Reboiler · 
Type · Thermosyphon · 
Position · Horizontal · 
Capacity · 4135kW · 
Heat exchange area · 188 m2 · 
Overall heat transfer coefficient · 750W/m2 K · 
Log. mean temp. difference{LMTD) · 29K · 

Process Conditions 
Shell side Tube side 

Medium : water liquid 
Temp. in [0C] : 33 108 
Temp. [0C] : 43 43 
Pressure [bara] : 1 5 
Density [kg/m3

] : 998 7 
Mass flow [kg/hr] : 356150 24922 
Vapor fraction : 0 1 
Average specific [kJ/kg K] · 4.2 1.291 · 
heat 
Heat of [kJ/kg] · - -· 
evap./cond. 
Mat eri al · cs ss · 

11 I~R_e_m_a_r_ks_: ______________________________________________________ ~ 
11 

11 

11 

11 

11 

11 

11 

11 
C:lMy DocumentslCPDlEquipment designlE409DS.doc 

R.M. Boucke 
F.A. Sheldon 

Design 
Revision : 3.00 

Project 10: CPD3244 / P80511 CA30 
Date: Janua 1, 2000 
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HEAT EXCHANGER - SPECIFICATION SHEET 

Equipment number · E410 In series . 
""" · . 

Name · Reboiler C405 In parallel: .....r-· 
General Data 

Service · Reboiler · 
Type · Thermosyphon · 
Position · Vertical · 
Capacity · 1583 kW · 
Heat exchange area · 26 m2 

· 
Reduced temperature · 0.31 · 
Heat flux · 60000 W/m2 · 

Process Conditions 
Shell side Tube side 

Medium · Condensing steam Liquid · 
Temp. in [OC] : 160 -
Temp. out [OC] · 160 61 · 
Pressure [bara] : 7.8 5 
Density [kg/m3

] · - 809 · 
Mass flow [kg/hr] : 2739 13362.9 
Vapor fraction · - 0 · 
Average specific [kj/kg K] · - 2.644 · 
heat 
Heat of [kj/kg] · 2084.3 -· 
evap./cond. 
Material · cs ss · 

111 ~R_e_m_a_r_ks_: ______________________________________________________ ~ 
11 

11 

11 

11 

-
11 

11 

11 

11 

Designers: F. Kleijn van Willigen 
M.J. Sor edra er 

C:lMy DocumentslCPD\Equipment designlE410DS.doc 

R.M. Boucke 
FA Sheldon 

Design 
Revision : 3.00 

Project 10: CPD3244 / P80511 CA30 
Date : Janua 1, 2000 
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Appendix 13 - EO Reactor Design 

Reactor Specifications 

Inner tube diameter [m] 

Tube pitch [m] 

Catalyst Specifications 

Reactivity [kg E 

Flow Specifications 

EO massflow [kg/h] IN 

OUT 

PRODUCTION 

ÓO<}» ~ 
Total massflow [kg/h] <:: \ 0 T> 

Total Volume flow [m3/h] ~ 

Density [kg/m3] 

Calculations: 

Single tube Area [mZ] 

Single tube Volume [m3] 

Total Reaction Volume [m3] 

Volume per reactor [m3] 

Number of tubes per reactor [ol 

Tube bundie diameter per reactor [m] 

Shell or Reactor diameter [m] 

Retention time [sec] 

Total outer tube area per reactor[m2] 

I 

Ç€I-~ 
d ti :=0.04 ~ 

d to :=0.044 ~ 
L tube :=8.,.' ~~ ~ 
p t := 1.25·d to 

d p := 0.008. 

R cat :=250 

M i.EO :=0.29p 
r 

M o.EO := 31494.129 

M p.EO :=M o.EO - M i .EO 

4 
M p.EO = 3.149·,1.0 

1 2 
A tube := 4"'lI.d ti 

I 

(

Nt ) 2.207 

D '=d . 
tb ' to 0.215 

D r :=0.5 ·p t+ Dtb 

3600·Y rt 
T r :=---

Fv 

A tottube := lI·d to·N (L tube 

"3.1 

-3 
A tube = 1.257· \0 

Y tube = 0.01 0 

Y rt = 125.97? 

Y r= 62.98S 
r . 

Nt = 6.265.10
3 

Dtb = 4.638 

D r = 4.666 

T r= 5.944 

3 
A tottube = 6.929 .. \0 
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11 

11 

11 

11 

11 

-
11 

11 

~ ~ 0. QTUu~ 1 
pressureD:::J/ ~V~~JY. ~ " L....a.>.: 0.5 v 

Superficial velocity [m/s] ~ r-.- v s : = 
A tube· N 1'3600 v s = 1.346 -_ ......... -

Superficial mass ve\ocity [kglm2s] v ms = 14.15 

Bed Porosity [-] 

Viscosity [NsJm2) 

. Po :=22 

P := M' + P 
101300 0 

P = 19.402 

Heatsections 

EI02 

Length tubes [m] L 102=2.2235 

EIOJ 

Total reactor volume [m3] 
r':\ V V 

V t~V 102+ V 103 
I 

Length tubes [m] L 103 : = 1.3 125 

Total tube length rml Lt : = L tube + L 102 + L 103 
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Appendix 13 - Carbonate Reactor Design 

Reactor Specificatiolls 

Reactor Diameter [m] 

Cross sectional Area [m2] 

Bed Porosity [ol 

Catalyst Specifications 
Particle diameter rml 

Flow Specifications 

EO massflow [kg/h] 

Total massflow [kglh] 

IN 

OUT 

PRODUCTION 

Total Volume flow [m3/h] 

Density [kg/m3] 

CaJculations: 

Total Reaction Volume [m3] 

Totaal Reactor Volu!ne [m3] 

Corrected volume for gas volume [m3] 

Reactor height [m] 

Retention Time [min] 

D r :=4 

I 2 
A r :=- ·1t ·D r Ar= 12.566 

~ 
d p :=0.01 

R cat := 300 

M i.EO := 18518.383 

M o.EO :=0 

M p.EO :=M o.EO - M i .EO 

4 
M p.EO = -1.852-10 

F mt= 695208.5 

F v :=616.5 

F mt 
p :=-

Fv 

M ' 
V 

- - p.EO 
rt ,-

R cat 

F V.out : = 639.9 

3 p= 1.128-10 

VR~ bed ' 

V R := Rt+ 20 

VR 
Hr:=-

Ar 

VR 
T r :=60·-­

F V.out 
T r = 18.899 
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11 

11 

11 

11 

11 

11 

11 

Pressure Drop: 

Superficial velocity [mis] 

Superficial mass velocity [kglrn2s] 

Viscosity [Nslm2] 

Ergun 

p := AI> + P 
101300 0 

v s =O.014 

v ms :=V s'P v ms = 15.367 

11 :=0.273 

Pa 

Po :=33 Bar 

. P = 23 .11 bar 
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Appendix 13 - MEG Reactor1 Design 

Reactor Specilications 

Reactor Diameter [m) 

Cross sectional Area [m2J 

Bed Porosity [-) 

Catalyst Specilications 
Particle diameter [m) 

Reactivity [kg EC/m3 cat.lh) 

Flow Specilications 

EC massflow [kg/h) 

Total massflow [kg/h) 

IN 

OUT 

PRODUCTION 

Total Volume flow [m31h) 

Density [kg/m3) 

Calculations: 

Total Reaction Volume [m3) 

Totaal Reactor Volume [m3] 

Corrected volume for gas fonnation [mJ) 

Reactor height [m) 

Retention Time [min) 

D r :=4 

1 2 
A r :=- ·1t·D r 

4 

I: bed :=0.34 

dp :=0.01 

R cat :=750 

M i.EC : = 37028.237 

M o.EC := 18514.119 

M p.EC : = M o.EC - M i.EC 

4 
M p.EC = - 1.85 I-IO 

F mt = 77472.1 

F v := 74.4 F V.out : = 922 

F mt 
P .= 

, --
Fv 

,_ - M p.EC 
VIt 

R cat 

Vrt 
V Rt :=--

I: bed 

3 
p= 1.041·10 

VIt = 24.685 

V Rt = 72.604 

V R = 79.865 

Hr= 6.355 

T r= 58.552 
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11 

11 

11 

11 
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11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

Pressure Drop: 

Superficial velocity [mis] 

Superficialmass velocity [kg/m2s] 

Bed Porosity [-] 

Viscosity [Nslm2] 

Ergun 

AF = -8.433'104 Pa 

AF 
p:= 101300 +PO 

Chirnney tray calculation 

Chimney area [m2] 

Fv 
v '=---

S ' A r. 3600 

v ms := v s 'P 

Po :=25 Bar 

P = 24.168 Bar 

A :=O.I·A r 

Chimney diameter (100 tubes) [m) ~ D - 100 

Criterium [pv2) 

Free area [m2] 

0.25 '11 

84. (F v.out)2 = 3.489 
A·3600 

volume needed for a residence time ofliquid of3 min: 
Fv 

V c :=-·3 
60 

Chimney hoogte [m) 
V c 

H ·= .-
Af 

Total volume: V :=V R + V c 

Total Height 

-3 
v s = 1.645·10 

v ms = 1.713 

f: bed :=0.34 

Jl :=0.485 

A = 1.257 

D = 0.126 

Af= 11.31 

V c = 3.72 

H = 0.329 

V = 83.585 

H t = 6.684 
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Appendix 13 - MEG Reactor2 Design 

Reactor Specifications 

Reactor Diameter [m] 

Cross sectional Area [mZ) 

Bed Porosity [-] 

Catalyst Specifications 
ParticIe diameter [m] 

Reactivity [kg EC/m3 cat.lh] 

Flow Specifications 

EC massf]ow [kglh] 

Total massf]ow [kg/h) 

IN 

OUT 

PRODUCTION 

Total Volume flow [m3/h) 

Density [kg/m3] 

Calcula tions: 

Total Reaction Volume [m3] 

Totaal Reactor Volume [m3] 

Corrected volume for gas formation [m3] 

Reactor height [m] 

Retention Time [min) 

Dr:=4 

1 2 
Ar :=-·1t ·D r 

4 

I: bed :=0.34 

d p :=0.01 

R cat := 750 

M i.EC := 18513.666 

M o.EC := 18.514 

M p.EC : = M o.EC - M i.EC 

4 
M p.EC = -1.85·10 

F mt=67930.9 

F v :=66.7 

F mt 

F V.out :=867.7 

p .-­
Fv 

V 
_ -M p.EC 

rt-
R cat 

Vrt · 
V Rt :=--

E bed 

V R :=V Rt+ 0.1·V Rt 

3 
p= 1.018·10 

V rt = 24.66 

V Rt = 72.53 

V R = 79.783 

Hl'= 6.349 

T r = 65.244 
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11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

Pressure Drop: 

Superticial velocity [mis] 

Superticial mass velocity [kglm2s] 

Bed Porosity [-] 

Viscosity [Ns/m2] 

0.5 ·F V 
V '=---

S ' A r.3600 

vms :=vs 'p 

' - -v ms'(I- & bed) [150.(1- &bed)'11 1 
LW ,- . + 1.75·v ms 'Hr 

3 d 
p.d p '& bed p 

Ergun 

LW = -3.775 0 104 Pa Po :=25 Bar 

P = 24.627 Bar 

Chimney tray calculation 

Chimneyarea [m2] A=O.I ·A r 

Chimney diameter (100 tubes) [m] ~ D- 100 

Criterium [pv2] 

Free area [m2] 

0.25'11 

84. (F v.out)2 = 3.09 
A·3600 

volume needed for a residence time ofliquid of3 min: 
Fv 

V c :=-·3 
60 

Chimney hoogte [m] 

Total volume: 

Total height: 

V c H -

V :=V R + V c 

-4 
v s = 7.372·10 

v ms = 0.751 

& bed =0.34 

11 : = 0.485 

A = 1.257 

D = 0.126 

Af= I J.31 

v c = 3.335 

H= 0.295 

V=83.118 

H t = 6.644 
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Appendix 13 

Gas liquid vessel design 

V101 steam drum 

Hold up time tor liquids [min] 

incoming steam trom reactor [kglh] 

outgoing BFW water [kglh] 

incoming water trom equipment [kg/hl 

outgoing steam to equipment [kg/hl 

Specific volume saturated liquid [m 3/kg] 

Specific volume saturated vapor [m3/kg] 

Densities [kg/m3] 

maximum design vapor velocity 
trom C&R p410 [mis] 

Vapor volume flow [m3/s] 

Minimal vessel area [m2] 

Vessel area (chosen) [m2] 

Diameter [m] 

Disengagement space [m] 

I 
PL := -

V si 

I 
P .= v ' --

V sv 

~L 
u v :=0.035 -

Pv 

F sr 
Fv:=---

p v·3600 

Fv 
A '-.--

th := 5 

F sr := 106557 

F bfw := 106557 

F ai : = 106557 

F ao : = 106557 

V sl= 1.209.10- 3 

V sv :=71.45.10- 3 

PL=827.13 

P v = 13 .996 

Uv = 0.269 

F v = 2.115 

A = 7.86 
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11 

11 
Liquid volume flow [m3/s] F L :-

F bfw 
F L = 0.036 

p L·36OO 

11 
Volume tor holdup [m3] V h :=FL·t h·6O V h = 10.736 

11 
Liquid depth [m] V h 

H L :=- HL = 1.366 
Av 11 

Vessel size: 
HeigIlt :=H L + Hd Height = 4.529 m 

Diameter : = D v Diameter = 3.164 m 11 
Area :=Av Area = 7.86 2 m 11 
Volume :=Height·Area Volume = 35.601 m 3 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 
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11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 
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Appendix 13 

V102 steam drum 

Hold up time tor liquids [min) 

incoming steam trom reactor [kglh) 

outgoing BFW water [kg/hl 

incoming water trom equipment [kg/hl 

outgoing steam to equipment [kg/hl 

Specific volume saturated liquid [m3/kg) 

Specific volume saturated vapor [m3/kg) 

Densities [kg/m3] 

maximum design vapor velocity 
trom C&R p410 [mIs) 

Vapor volume flow [m3/s] 

Minimal vessel area [m2] 

Vessel area (chosen) [m2] 

Diameter [m] 

Disengagement space [m] 

I 
PL ·=­

V si 

I 
P '-y ,---

V sy 

U y .=0.035 ~ 
~~ 

F sr 
Fy :=---

P y·3600 

Fy 
A '-.--

~ 
D y= ~4 .-;-

th .= 5 

F bfw • = 51117 

F ai :=SII17 

V si .= 1.102 · 10-
3 

V sy :=306.8.10- 3 

P L = 907.441 

P y = 3.259 

u y =0.584 

F y = 4.356 

A = 7.46 

D y= 3.082 

Hd = 3.082 



11 Appendix 13 

11 
Liquid volume flow [m3/s] F L := 

F bfw 
F L =0.016 

p L·36OO 

11 
Volume for holdup [m3] Vh :=F L·th·6O V h = 4.694 

Liquid depth [m] V b 
HL :=- HL = 0.629 

Ay 11 

11 Vessel size: HeigIlt : = H L + H cl Heigbt = 3.711 m 

Diameter := D y Diameter = 3.082 m 

Area :=Ay Area = 7.46 
2 

m 

11 
Volwne :=Height ·Area Volume = 27.684 m 

3 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 
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11 

11 

11 

11 
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Appendix 13 

V301 VIL separator C301 

Hold up time tor liquids [min] 

outgoing vapor flow [kg/hl 

outgoing liquid flow [kg/hl 

Densities [kg/m3] liquid flow 

vapor flow 

maximum design vapor velocity 
trom C&R p410 [mIs] 

Vapor volume flow [m3/s] 

Minimal vessel area [m2] 

Vessel area (chosen) [m2] 

Diameter rml 

Disengagement space rml 

Liquid volume flow [m3/s] 

Volume tor holdup [m3] 

Liquid depth rml 

Vessel size: 

~L 
u v :=0.035 -

Pv 

F ov 
Fv :=---

. P v· 3600 

~ 
D v= ~4 .--;;-

Hd :=D v 

F ol 
F L :=---

P L·3600 

Height :=H L + Hd 

Diameter : = D v 

Area := Av 

Volume :=Height'Area 

Fov :=1152 

F ol := 3193 

PL :=978 

p v :=0.1156 

F v = 2.768 

A = 0.86 

H d = 1.046 

V h = 0.272 

HL = 0.316 

Height = 1.363 m 

Diameter = 1.046 m 

Area = 0.86 
2 m 

Volume = 1.172 m3 
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11 

11 V302 VIL separator C302 

11 Hold up time for liquids [min] th := 5 

11 
outgoing vapor flow [kg/hl F ov := 100 

outgoing liquid flow [kg/hl F ol := 25666 

11 Densities [kg/m3] liquid flow PL :=1013 

vapor flow P v := 0.1 

11 
maximum design vapor velocity 

Uv ,= 0.035 ? u v =3.523 - trom C&R p410 [mIs] 
Pv 

Vapor volume flow [m3/s] 
F v := 

F ov 
F v = 0 .278 11 P v·36OO 

Minimal vessel area [m2] 
Fv 

A = 0 .079 11 
A '= , -

Uv 

Vessel area (chosen) [m2] Av := 4. 

11 

11 
Diameter [m] ~ D v := 4 ,-;- D v= 2.257 

11 Disengagement space [m] Hd :=Dv Hd = 2.257 

11 Liquid volume flow [m3/s] F L :-
F ol -3 

F L =7.038 o I0 
P L·36OO 

11 Volume tor holdup [m3] Vh := FL· t h·6O V h = 2.111 

11 Liquid depth [m] V h 
H L := - HL = 0.528 

Av 

11 
Vessel size: Height :=H L + Hd Height = 2,785 m 

11 Diameter := D v Diameter = 2.257 m 

Area :=Av Area = 4 
2 

11 
m 

Volume :=Height'Area Volume = 11.138 
3 m 

11 

11 

11 

11 



V401 VIL separator C404 

Hold up time for liquids [min] 

outgoing liquid flow [kg/hl 

Densities [kg/m3] liquid flow 

Vessel area (chosen) [m2] 

Diameter [m] 

Liquid volume flow [m3/s] 

11 Volume for holdup [m3] 

Liquid depth [m] 

Vessel size: 

11 

11 

Appendix 13 

~ 
Dy := ~4'-;-

Height :=H L 

Diameter :=D y 

Area :=Ay 

Volume :=Height·Area 

F ol := 12976 

PL :=JOI3 

Dy = 1.382 

HL = 0.712 

Height = 0.712 m 

Diameter = 1.382 m 

Area = 1.5 

Volume = 1.067 

2 
m 
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11 

11 5201 CO2 flash drum 

11 Hold up time for liquids [min] th :=5 

11 
outgoing vapor flow [kglh] F ov := 1916 

outgoing liquid flow [kglh] F ol := 693292 

11 Densities [kg/m3] liquid flow P L := 871 

vapor flow P v := \0 

11 
maximum design vapor velocity ~ Uv = 0.327 

11 trom C&R p410 [mis] 
u v :=0.035 -

Pv 

Vapor volume flow [m3/s] 
F v := 

F ov 
F v = 0.053 11 P v·36OO 

Minimal vessel area [m2] 
_ F v 

A = 0.163 11 A .--
Uv 

11 
Vessel area (chosen) [m2] Av := 15 

11 Diameter [m] ~ D v:= 4 ,--;- D v= 4.37 

11 Disengagement space [m] Hd :=D v Hd = 4.37 

11 Liquid volume flow [m 3/s] F L := 
F ol 

F L = 0.221 
p L·36OO 

11 Volume for holdup [m3] V h :=F L·t h·6O V h = 66.331 

11 Liquid depth [m] V h 
H L :=- HL = 4.422 

Av 

11 
Vessel size: Height :=H L + Hd Height = 8.792 m 

11 Diameter : = D v Diameter = 4.37 m 

Area :=Av Area = 15 
2 

11 
m 

Volume :=Height 'Area Volume = 131.884 
3 

m 

11 

11 

11 

11 
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-- 5202 Flash Drum 

- Hold up time tor liquids [min] th :=5 

outgoing vapor flow [kg/h] F ov :=9541 - outgoing liquid flow [kglh] F ol :=271 

- Densities [kg/m3] liquid flow PL :=750 

vapor flow P v := II - maximum design vapor velocity ~ trom C&R p41 0 [mIs] u v :=0.035 - Uv = 0.289 - Pv 

Vapor volume flow [m3/s] 
F v := 

F ov 
F v = 0.241 - P v·36OO 

Minimal vessel area [mZ] 
Fv 

A = 0.834 - A '= 
Uv 

Vessel area (chosen) [mZ] Av := A - Diameter [m] ~ - D v := 4,-;- D v = 1.03 

- Disengagement space [ml Hd := D v Hd = 1.03 

- Liquid volume flow [m3/s] F L := 
F ol -4 

F L = 1.004-10 
P L ·36OO 

- Volume tor holdup [m3] V h :=F L·t h·6O V h = 0.03 

- Liquid depth [m] V h 
H L :=- HL = 0.036 

Av - Vessel size: Height :=H L + Hd Height = 1.066 m 

- Diameter : = D v Diameter = 1.03 m 

Area :=Av Area = 0.834 2 m - Volume : = HeigIlt . Area Volume = 0.889 3 m 

-
11 

--
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-
11 8301 CO2 Flash Drum 

11 Hold up time tor liquids [min] th := 5 

11 
outgoing vapor flow [kglh] F ov := 9732 

outgoing liquid flow [kglh] F ol := 45 

11 Densities [kg/m3] liquid flow p L :=823 

vaporflow p v := 12 

11 
maximum design vapor velocity 

Uv '=0.035 ~ Uv = 0.29 

11 trom C&R p41 0 [mIs] 
Pv 

Vapor volume flow [m3/s] 
F v := 

F ov 
F v = 0.225 11 P v·36OO 

Minimal vessel area [m2] 
Fv 

A = 0.777 11 A '= . -
Uv 

11 
Vessel area (chosen) [m2] Av := A 

11 Diameter [m] ~ D v := 4,--;- D v= 0.995 

11 Disengagement space [m] Hd :=D v H d =0.995 

11 Liquid volume flow [m 3/s] F L := 
F ol -5 

F L = 1.519·10 
P L·36OO 

11 Volume tor holdup [m3] V h :=F L· t h·6O 
- 3 

V h = 4.557·10 

11 Liquid depth [m] V h -3 
H L :=- HL = 5.863·10 

Av 

11 
Vessel size: Height := H L + Hd Height = 1.001 m 

11 Diameter :=D v Diameter = 0.995 m 

Area :=Av Area = 0.777 
2 

11 
m 

Volume :=Height 'Area Vol~me = 0.778 
3 

m 

11 

11 

11 

11 
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Appendix 13 - Heat exchanger calculations 

Name Heat duV Inlet T OutletT IN OUT massflow OPEX 
$/hr 

kW GJ/hr °c °c °c bara °c bara kg/hr 
R101 Reactor R101 EO reactor -53625 -193.05 240 hot 230 27.61iq 230 27.6 vap -106557 generated HPS $ -988.85 

I t:l Ul E101 Exchanger 31901 114.84 180 110 cold _:34_ 110 t:1Ul 

S201: Flash drum 5201 Heater -13694 -49.30 100 hot 33 liq 43 liq 1179426 Cooling water $ 58.97 
S202: Flash drum 5302 Heater -222 -0.80 100 hot 33 liq 43 liq 19139 Cooling water $ 0.96 
S301: Flash drum 5301 Heater -150 -0.54 125 hot 33 liq 43 liq 12919 Cooling water $ 0.65 

C301: DIstilIation column E302 Condenser -4413 -15.89 14 hot 4 liq 10 liq 630687 Chilled water $ 132.44 
C404: Heavyends separator E407 Condenser -2300 -8.28 29 hot 4 liq 10 liq 328702 Chilled water $ 69.03 
C302: Distillation column E304 Condenser -8944 -32.20 130 hot 120 1.91iq 120 1.9 vap -14621 generated LPS $ -73.11 

C301: Distillation column E301 Reboiler 3500 12.60 132 cold 160 7.8 vap 160 7.8 liq 6054 MPS $ 48.43 
C302: Distillation column E303 Reboiler 8889 32.00 164 cold 230 27.6 vap 230 27.61iq 17663 HPS $ 163.91 
C401: Raw EO stripper E401 Reboiler 29806 107.30 136 cold 230 27.6 vap 230 27.61iq 59226 HPS $ 549.62 
C403: EO secondary_ Stripper E405 Reboiler 5000 18.00 109 cold 120 1.9 vap 120 1.91iq 8173 LPS $ 40.87 
C404: Heavyends separator E406 Reboiler 2031 7.31 121 cold 160 7.8 vap 160 7.81iq 3512 MPS $ 28.10 
C405: Light End separator E410 Reboiler 1583 5.70 61 cold 120 1.9 vap 120 1.91iq 2588 LPS $ 12.94 

E102 E102 Exchanger 51290 184.64 110 220 cold 230 27.6 vap 230 27.61iq 101918 HPS $ 945.80 

E103 E103 Exchanger -29551 -106.38 240 180 hot 160 7.81iq 160 7.8 vap -51117 Generated MPS $ -408.93 

E104 E104 Exchanger -29665 -106.79 110 43 hot 33 liq 43 liq 2554898 Cooling water $ 127.74 

E105a E105a Exchanger -15466 -55.68 43 20 hot 4 liq 10 liq 2210340 Chilled water $ 464.17 
E105b E105b -23787 -85.63 78 43 hot 33 liq 43 liq 2048650 Cooling water $ 102.43 
E201 tubes E201 tubes -26108 -93.99 117 78 hot 105 liq 42 liq E201 

total -65362 -235.30 
E201 shell E201 shell Exchanger 26108 93.99 42 105 cold 78 liq 117 liq E105 

E202 E202 Exchanger 3473 12.50 89 150 cold 160 7.8 vap 160 7.81iq 6008 MPS $ 48.06 
E203 E203 Exchanger 406 1.46 133 150 cold 160 7.8 vap 160 7.81iq 703 MPS $ 5.62 
E408 E408 Exchanger -744 -2.68 · 138 57 hot 33 liq 43 liq 64053 Cooling water $ 3.20 
E402 E402 Exchanger -542 -1 .95 134 43 hot 33 liq 43 liq 46711 Cooling water $ 2.34 
E403 E403 Exchanger -4636 -16.69 131 43 hot 33 liq 43 liq 399253 Cooling water $ 19.96 
E404 E404 Exchanger -1359 -4.89 100 43 hot 33 liq 43 liq 117079 Cooling water $ 5.85 
E409 E409 Exchanger -4135 -14.89 108 43 hot 33 liq 43 liq 356150 Cooling water $ 17.81 
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Appendix 13 - Heat exchanger calculations 

Name 720 K 
Tube lengt! Tube dia Onetube Tubes Shell dia outlet pipa 

lMTD U A m m m2 m m 
R101 20 6929 8 0.044 1.11 6265 4.66 1.55 

!E101 73 110 3973 
4 maal 993 4.88 0.025 0.38 2589 2.13 1.00 

S201 Coils are not sized, heat transfer is presumed not to be a problem 
5302 Coils are not sized, heat transfer is presumed not to be a problem , 
5301 Coils are not sized, heat transfer is presumed not to be a problem I 

LMTD U A Tube lengt! Tube dia One tube Tubes Shell dia outlet pipa 
K W/m2K m2 m m m2 m m 

E302 7 2000 337 2.44 0.025 0.19 1756 1.79 0.82 
E407 22 2000 52 2.44 0.025 0.19 272 0.78 0.32 
E304 10 1000 894 2.44 0.025 0.19 4662 2.78 1.34 

MTD Tr heat flux A Tube lengtl Tube dia one tube Tubes Shell dia outlet pipa 
K - W/m2 m2 m m m2 m m 

E301 27.70 0.41 35000 100.00 2.44 0.025 0.19"- 521 0.87 0.45 
E303 65.60 0.55 60000 148.15 2.44 0.025 0.19 772 1.03 0.55 
E401 94.20 0.51 60000 496.76 2.44 0.025 0.19 2589 1.78 1.00 
E405 11 .00 0.32 35000 142.86 2.44 0.025 0.19 745 1.02 0.54 
E406 39.40 0.39 40000 50.76 2.44 0.025 0.19 265 0.64 0.32 
E410 58.90 0.25 60000 26.39 2.44 0.025 0.19 138 0.48 0.23 

LMTD U A Tube lengtl Tube dia One tube Tubes Shell dia outlet pipe 
K W/m2K m2 m m m2 m m 

E102 44 300 3856 
2 maal 1928 2.22 0.044 0.31 6265 4.66 1.55 

E103 43 300 2276 
2 maal 1138 1.31 0.044 0.18 6265 4.66 1.55 

E104 30 300 3300 
4 maal 825 4.88 0.025 0.38 2150 1.64 0.91 

E105a 36 900 477 2.44 0.025 0.19 2484 1.75 0.98 
E105b 32 900 825 2.44 0.025 0.19 4301 2.23 1.29 
E201 Tubes 22 400 2950 

3 maal 983 4.88 0.025 0.38 2562 1.77 0.99 
E2015hell 22 400 2949 

3 maal 983 4.88 0.025 0.38 2562 1.77 0.99 
E202 31 1000 111 2.44 0.025 0.19 581 0.91 0.47 
E203 17 1000 24 2.44 0.025 0.19 123 0.46 0.22 
E408 51 300 48 2.44 0.025 0.19 251 0.63 0.31 
E402 37 300 49 2.44 0.025 0.19 257 0.63 0.32 
E403 36 300 431 2.44 0.025 0.19 2249 1.67 0.93 
E404 27 750 67 2.44 0.025 0.19 350 0.73 0.37 
E409 29 750 188 2.44 0.025 0.19 979 1.15 0.61 
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Appendix 14 - Fire and Explosive Index 

Process Unit EO reactor, including recycle compressor EO absorber 
Material ethylene (presence of EO also considered) EC/MEG 
Material factor 24 5 
General process hazards F1 

0.5 moderate exotherm 0.5 diking 
1 critical-to-control exotherm 

F1 = 1.5 0.5 

Special process hazards F2 4 health ranking 1 health ranking 

0.8 penalty 0.2 penalty 
0.8 flammable range penalty 1 pressure penalty 

1 pressure penalty 10.45 X 
0.12 X 2.39 quantity penalty 
0.20 quantity penalty 0.10 corrosion penalty 
0.20 corrosion penalty 
0.50 compressor penalty 

F2 = 3.50 3.69 

F3=F1*F2 5.25 1.84 
F&EI 126 9 

Process Unit EO purification C403 MEG purification (C301 +C302 
Material EO MEG 
Material factor 29 5 
General~rocess hazards F1 

0.3 liquid above flashpoint 0.5 diking 
0.5 diking 

F1 = 0.8 0.5 
Special process hazards F2 4 health ranking 1 health ranking 

0.8 penalty 0.2 ipenalty 
0.5 subatmospheric penalty 0.5 subatmospheric pe 

0.78 X 3.62 X 
1.32081 Quantity penalty 2.107062 Iquantity penalty 

0.2 corrosion penalty 0.1 corrosion penalty 
0.8 flammable range penalty 0.1 leakage likely 

0.5 vacuum compress( 
F2 = 3.62081 3.507062 
F3-F1*F2 2.896648 . 1.753531 
F&EI 84.0028 8.767654 
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Appendix 15 - Economy 

The method used for the cost-estimation ofheat-exchangers, compressors and pumps is 
to consider the size of the equipment and to re late that to a cast using the formuia below. 

wherein: 
Cc = purchased equipment cast 
S = characteristic size parameter 
C = cast constant 
n = index for that type of equipment. 

These calculations are done on a spreadsheet and attached. The C value , the Sparameter 
and the n index are all given for each piece of equipment. 

Exchangers 

Data is gathered trom conceptual cast estimation manual. Prices are given in 1984 US 
dollars. Prices are all based on carbon steel (CS) shell and tube, and na tubesheet. When 
stainless steel (SS) is used, the cast is multiplied by 1.2 for SS tubes, 1.2 for SS shells, 
and by 1.1 for a CS or 1.3 for a SS tubesheet. 
These values are time corrected by multiplying them with 1.0415 to account for the 15 
year time difference. 

Reactors 

Data is gathered trom conceptual cast estimation manual. Prices are given in 1984 US 
dollars. EO reactor, is calculated as ifthis is a huge heat exchanger. The costs ofthe 
MEG and EC reactors are gathered :trom price information per reactor volume .. 
These values are timè corrected by multiplying them with 1.0415 to account for the 15 
year time difference. 

Columns 

Data is gathered :trom Coulson and Richardsons fig 6.4. The prices are given in 1992 
pound sterling. These are converted to US dollars by muItiplying with 1.6. 
These values are time then corrected by multiplying them with 1.047 to accountforthe 15 
year time difference. 

Pumps, Compressors and vessels 

Data is gathered trom Coulson and Richardsons table 6.2. The price is given in 1992 
pound sterling. These are converted to US dollars by multiplying with 1.6. 
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These values are then time corrected by multiplying them with 1.047 to account for the 15 
year time difference. 

co] removal unit 

The price ofthe C02 removal unit is based on the price ofthe C02 removal unit in the 
Scientific design license, correcting for the different EO production. This leads to a price 
of7 million dollars. 

Profitability measures 

For the calculation ofthe discounted cash flow the following formula has been used: 

DCF = NCF / (1 + rt 
DCF = discounted cash flow 
NCF = net cash flow 
r = discount rate in % /100 
n = year for which the DCF is calculated. 
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Economy 

11 
Process Equipment Costs time base 
Columns: data trom C&R tig 6.4. in pound sterling mid 1992 

11 H 0 steel packing trays 
C101 EO absorber 32 4.7 ss mella 15 kL 462 1992 
C301 Water removal 6 2.8 cs sieve cs 6 kL 30 1992 
C302 MEG purIfication 17 2.9 cs mella 11 kL 105 1992 

11 C401 Raw EO stripper 20 3.3 ss mella 8 kL 140 1992 
C402 Sec EO absorber 23 0.8 ss mella 9 kL 53 1992 
C403 Sec EO stripper 12 1.8 ss mella 5 kL 45 1992 

11 
C404 Heavy end separator 10 0.7 ss sieve 15 kL 24 1992 
C405 Light end separator 3 0.9 ss sieve 20 kL 13 + 1992 
Total columns costs kE 872 1992 

11 Exchangers: data trom conceptual cost estimation manual in dollars mid 1984 
$ 180 per m2; SS tubes *1.2; tubesheel: CS*1 .1 SS*1.3 C*1 .2 

Area (m2) Tubes Shell Sheet 
E101 Feed preheater 3973 SS SS SS k$ 1,116 1984 

11 E102 Feed Heater 3856 SS CS CS k$ 916 1984 
E 1 03 Effluent cooler 2276 SS CS CS k$ 541 1984 
E104 Effluent secondary cooler 3300 SS CS CS k$ 784 1984 
E 1 05A Absorbent cooler 477 SS CS CS k$ 113 1984 

11 E105B Absorbent cooler 825 SS CS CS k$ 196 1984 
E201 Preheater R201 2950 SS SS SS k$ 828 1984 
E202 Preheater R202 111 CS CS CS k$ 22 1984 

11 
E203 Preheater R203 24 CS CS CS k$ 5 1984 
E301 Reboller C301 100 CS CS CS k$ 20 1984 
E302 Condensor C301 253 CS CS CS k$ 50 1984 
E303 Reboiler C302 148 CS CS CS k$ 29 1984 

11 
E304 Condenser C302 256 CS CS CS k$ 51 1984 
E401 Reboiler C401 496 SS CS CS k$ 118 1984 
E402 Post - cooler K401 49 SS CS CS k$ 12 1984 
E403 Post Cooler K402l403 431 SS CS CS k$ 102 1984 

11 E404 Absorbent cooler 67 SS CS CS k$ 16 1984 
E405 Reboiler C403 143 SS CS CS k$ 34 1984 
E406 Reboiler C404 51 SS CS CS k$ 12 1984 
E407 Condenser C404 52 SS CS CS k$ 12 1984 

11 E408 Post cooler K404 48 SS CS CS k$ 11 1984 
E409 Reboiler C405 26 SS CS CS k$ 6 + 1984 
Total heat exchanger costs k$ 4,995 1984 

11 compressors Coulson and Richardsons tat power 

J cost=C*Sn S(kW) C (E) n spared 
K101 Loop gas compressor 3058.6 500 0.8 kL 307 1992 

11 K102 Recycle compressor 745.4 500 0.8 kL 99 1992 
K103 CO2 compressor 286.9 500 0.8 kL 46 1992 
K301 vacuum compressor C301 680.0 700 0.8 kL 129 1992 
K302 vacuum compressor C302 7.0 700 0.8 kL 3 1992 

11 K401 EO primary compressor 448.5 500 0.8 kL 66 1992 
K402 EO sec Compressor 644.0 500 0.8 kL 88 1992 
K403 EO recycle Compressor 205.6 500 0.8 kL 35 1992 

11 
K404 Raw pri. EO compressor 1067.6 500 0.8 kL 132 1992 
K405 Raw sec. EO compressor 451.1 500 0.8 kL 66 + 1992 
Total compressor costs kE 974 1992 

- pumps Coulson and Richardsons table 6.2 power API-610 
cost = C * Sn S (kW) C (E) n spa red 
P101 Main absorbent pump 465.1 500 0.8 2 - E 136,154 1992 
P102 Absorbent pump 15.9 500 0.8 1 E 4,579 1992 

11 P103 Coolant pump 6.3 500 0.8 2 E 4,339 1992 
P104 Coolant pump 3.0 500 0.8 2 E 2,410 1992 
P201 EO teed pump 287.4 500 0.8 1 E 46,322 1992 
P202 liquid phase pump S202 0.2 500 0.8 1 E 119 1992 

11 P203 Water pump 2.1 500 0.8 1 E 901 1992 
P204 liquid phase pump S201 46.8 500 0.8 1 E 10,835 1992 
P205 liquid phase pump R202 6.4 500 0.8 1 E 2,221 1992 

11 
P301 Reflux pump C301 2.2 500 0.8 1 E 941 1992 
P302 Reflux pump C302 0.7 500 0.8 1 E 363 1992 
P303 MEGpump 2.4 500 0.8 1 E 1,000 1992 
P304 Heavy component pump 0.0 500 0.8 1 E 14 1992 

11 P305 RawMEG pump 3.5 500 0.8 1 E 1,348 1992 
P401 Absorbent pump 257.0 500 0.8 1 E 42,357 1992 
P402 Retlux pump C404 0.1 500 0.8 1 E 94 1992 
P403 Boltom pump C402 9.1 500 0.8 1 E 2,930 1992 

11 P404 Absorbenl pump 23.1 500 0.8 1 E 6,173 1992 
P405 Boltom pump C405 1.9 500 0.8 1 E 845 + 1992 
Total pump costs kE 264 1992 

11 
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Appendix 15 - Economy 
Reactors trom Conceptual cost estimating manual 

R101 EO reactor based on 2 heat exchangers with A=7oo0 
R201 Carbonate reactor data trom Conceptual cost estimating manual 
R202 Primary MEG reactor data trom Conceptual cost estimating manual 
R203 Secondary MEG Reactor data trom Conceptual cost estimating manual 
Total reactor costs 

vessels trom Coulson and Richardsons table 6.2 volume 

S201 C02 flash drum 
S202 Flash drum 
S301 C02 flash drum 
V101 Steam drum 
V102 Steam drum 
V301 VIL separator C301 
V302 VIL separator C302 
V401 VIL Separator C404 
Total vessel costs 

Special equipment 
C102 C02 removal system 

cost index tor 1 year 

Summary 
Total columns costs 

converted to dollars (t = 1.6$) 
time corrected 

Total heat exchanger costs 
time corrected 

Total compressor costs 
converted to dollars (t = 1.5$) 
time corrected 

Total pump costs 
converted to dollars (t = 1.5$) 
time corrected 

Total reactor costs 
time corrected 

Total vessel costs 
converted to dollars (t = 1.5$) 
time corrected 

C102 C02 removal system 

Total purchased equipment costs (PCE) 

Total physical plant costs (PPC) 

Fixed capital (FC) 

horizontal CS 
horizontal CS 
horizontal CS 
horizontal CS 
horizontal CS 
horizontal CS 
horizontal CS 
horizontal SS 

fixed price, sou ree Scientific Design 

1.04 

m3 
132 

1 
1 

35.6 
27.7 

1 
11 

1 

k$ 3,326 1984 
k$ 600 1984 
k$ 500 1984 
k$ 500 + 1984 
k$ 4,926 1984 

kt 28 1992 
kt 2 1992 
kt 1 1992 
kt 13 1992 
kt 11 1992 
kt 2 1992 
kt 6 1992 
kt 2 + 1992 
kt 64 1992 

~C:J 1999 

kt 872 1992 
k$ 1,395 1992 
k$ 1,836 1999 
k$ 4,995 1984 
k$ 8,995 1999 
kt 974 1992 
k$ 1,558 199? 
k$ 2,050 1999 
kt 264 1992 
k$ 422 1992 
k$ 556 1999 
k$ 4,926 1984 
k$ 8,872 1999 
kt 64 1992 
k$ 103 1992 
k$ 136 1999 
k$ 7,000 1999 

k$ 29,310 1999 

k$ 
"~_b~ 

95,256 

't ~ 
k$ 138,121 1 _LtL\ ~ 

1 
4 .. 1 
~ 
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1 Fixed capital (FC) 

Operating Costs 

varia bie costs 
Ethylene 
Oxygen 
Methane 
Methylene chloride 
Water 
Catalyst EO reaction, alumi na carrier 
Silver for catalyst 
Catalyst based on OOW MSA-1 
Chilled water 
Cooling water 
Steam 
Electricity 

2 Total raw materials 
3 Total Utilities 

4 Miscellaneous materials 
5 Maintenance 

6 Operating labour 
7 Lab costs 
8 Supervision 
9 Plant overheads 

10 Capital charges 

11 I nsurance 
12 Local taxes 
13 Royalties 

Annual production costs 

Annual income 
EO sales 
MEG sales 
Total sales 

Economie margin 

Appendix 15 - Economy 

price 
520.00 $lton 

50.00 $/ton 
120.00 $/ton 
750.00 $lton 

2.50 $/ton 
10352.94 $Im3 

5.18 $Iounce 
11764.71 $Im3 

0.21 $/ton 
0.02 $lton 
9.28 $/ton 
0.04 $/kWh 

10% of 5 
100,4 of 1 

200,4 of 6 

200,4 of 6 
500,4 of 6 

150,4 of 1 

P,4 of 1 
20,4 of 1 
10,4 of 1 

Price 
$ 1,080.00 
$ 650.00 

use 
193,198 ton 
184,584 ton 

11,592 ton 
12 ton 

65,143 ton 
125,975 m3 per 3 yr 

176,056 =5 ton 
327 m3 

69,823,689 kWh 

Production 
103,800 
205,328 

k$ 138,121 

Cost per Year 

k$ 100,463 
k$ 9,229 
k$ 1,391 
k$ 9 
k$ 163 
k$ 435 
k$ 912 
k$ 3,843 
k$ 5,323 
k$ 1,090 
k$ 2,595 
k$ 2,793 

k$ 116,445 
k$ 11,801 

k$ 1,381 
k$ 13,812 

k$ 2,700 
k$ 540 
k$ 540 
k$ 1,350 

k$ 20,718 

k$ 1,381 
k$ 2,762 
k$ 1,381 + 

k$ 174,812 

k$ 112,104 
k$ 133,463 + 
k$ 245,567 

k$ 70,755 
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Appendix 16 - Lovenstein calculations 

11 

11 Column number Tray spaeing Density liq Density vap Vapor rate Vapor velocity Column diameter Aspen eomparison 
It rhol rhov Vw uv De height Aspen De 

[mI [kg/m3] [kg/m31 [kg/sI [mis] [mI rml rml 
C301 0.6096 1011 1 9.04 1.718 2.589 6.1 2.n 
C404 0.6096 896 3 3.604 0.932 1.281 11.5824 1.22 11 
C405 0.6096 809 8 3.211 0.541 0.972 60.96 0.91 
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