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EXPLANATORY NOTES

In this report, original monetary values have been used
wherever possible to avoid distortions present in official
exchange rates. However, the following may be used as an

approximate guide:

WS 1.00 = ¥ 23-3‘}

£5tg1.00 = ¥ 3.05

£5tg1.00 = $US 1.31

£1.00 at 1967 prices =~ £3.00 at 1984 prices

The following abbreviation is used:

SIPAI = Shanghai Institute for Process Automation Instrumentation
103 Cao Bao Road,
Shanghai.
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This report describes a 6-month mission to the Peoples
Republic of China, under contract DP/CPR/79/021/11-11/31.9.8 .
The mission was carried out in three phases, in October and
November 1982, October, November and December 1983, and July,
August and September 19384.

The mission was part of a large project giving assistance
to: the Ministry of Machine Building Industry, and was undertaken
at the Shanghai Institute for Process Automation Instrumentation,
Shanghal, a research and development institute responsible to the
Bureau of Imstrumentation of the above Ministry.

( - The present project involved the training of a group of up
to

8 specialist engineers in process matkhematical ‘modelling and
computer simulation, together ‘with deve10pment of a suite of
related.computer programs. Training took place through lectures,
discussions and associated exercises, and by 'on the job' training
on. a practical model building of an industrial process.

Modelling of the industrial process, a glutamic acid fermen-
ter was of value not only in training, but also in acquainting
staff with the techrology of fermentation. The model will be
used for on-line process coantrol in the factory concerned.

The present project also included the formulation of plans
for the future development of process modelling and simulation
in China, for comsideration by the Ministry of Machine Building
Industry.
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INTRODUCTION

“he pfesent project, DP/CPR/79/021/11-11/31.9.B formed
just one part of a major project concerned with providing assist-
ance to the Ministry of Machine Building Industry, Peoples
Republic of China. The overall project development objectives
were:

1« To improve productivity and product quality within

various sectors of Chinese industry in an effort to
restore the 12% anmual industrial growth rate.

2. To strengthen the capital goads industry.

3. To modernise the country's internal industrial capital
equipment to enable them to respond to the national
needs of the coming decade.

4. To improve the capital equipment used in agriculture.

5. To add new technological industrial capability to help
in achieving the desired national industrial growth.

With the exception of Objective 4, the present project
makes a contribution in all of the above areas. The immediate
objectives were stated to be:

1. To assist the Ministries of Machine Building and Agric-
ultural Machinery in establishing, implementing, and
strengthening various research and development centres,
scientific laboratories and research institutes.

2+« To create a cadre of Chinese scientists, engineers and
technical professionals who are aware of the current
"state-of=-the-art" in various technologies which relate
to the construction of machinery.

3. To assist the Ministries of ifachine Building and
Agricultu.ral Machinery to specify and select modern
hardware and software to support the activities of
various technical institutes,; laboratories and organis-
ations.

4. To improve skills in areas related to metal working
technology by training Chinese technical professionals.
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The present project is particularly related to the first three of
these objectives.

The project was undertaken in a research and development
institute responsible to the Bureau of Instrumenta*ion of the
Ministry of Machine Building Industry, namely the Shanghai
Institute for Process Automation Instrumentation (SIPAI). The
Ministry of Machine Building Industry has respomsibility for sele-
cting and providing the equipment needs of the production Minis-
tries, for example those concerned with manufacture through
Chemical Engineering, Metallurgical Engireering, Coal Engineering,
Light Industry, Power Engineering, Nuclear Industry, etc.

An essential aspect of capital equipment in the process
industries is that of its instrumentation and automatic control.
In these areas, the Ministry of Machine Building Industry is
advised by the Bureau of Instrumentation, which in turn is
advised by SIPAI and the Bureau of Automation.

The objectives of the present project were formulated as:

1. To train a group of identified SIPAI staff in the tech-
niques of process mathematical model building, computer
simulation and automatic control.

2. To develop a suite of related computer programs for
mathematical model manipulation, and simulation, and
control system design.

3. To advise the Ministry of Machine Building Industry on
the future development of model building and simulation
in China.

The present project had a total duration of 6 months. 3y
agreement, it was divided into three phases, of 5 weeks, 10 weeks
and 1° weeks respectively. The first phase comrenced on tne 17th
of Oc¢tober 1982, the second in October 1983, and the third on the
8th of July 1984.

The division of the project into these three phases proved
extremely effective, in that it enabled SIPAI staff to consolidate
the.r learning, and to achieve pre-set objectives in the periods
petween phases. It also enabled planning and preparation for the
later phases to be more effective.
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RECOMMENDATIONS

That the presert project be regarded as a pilot exercise, and
that it be repeated, in a modified format, as soon as pract-
ical with a larger group of specialists, using the services of
the present group of trainees and Chinese academic staff under
the guidance of an invited expert.

That the level of process modelling and simulation activity be
significantly increased to enahle these techniques to fully
contribute to cost-efficient, safe and orderly industrial
development in China.

That the scope of process modelling and simulation be increas-
ed to inciude an emphasis on modelling for strategic industrial
decision-making purposes.

That a suitable expert be invited to give a training ccurse

to nominated Chinese staff in the area of modelling for
strategic planning.

That a new institute be established for specialisation in
process modelling and simulation.

That the new Institute should work in the areas of modelling
for

(1) strategic planning

(ii) process investigation and improvement

(iii) process control and automation.
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I. ACTIVITIES AND OUTPUT

A. Model Building and Simulation

Mathematical mode.ling refers to the act of writing dowa
the mathematical relationships which describe a physical process.
This techmnique is particularly important in the process industries
such as those which produce chemicals, glass, paper, steel, food,
pharmaceutics, cement and electrical power, whether from ruclear
reactors or conventional boilers. The equations not only describe
the physics, chemistry or biology of the process, but may also
include economic relationships, or equations descrihing aspects
of human activity (cybernetics).

The equations themselves may vary in complexity. For any
realistic representation of a process system, many such equations
will be involved, and these equations must usually be solved
simultaneously, since physical processes in the system are occurr-
ing at the same time. For this purpose, it is usually essential
for a digital computer to be used. The act of operating on the
equations in such a way that the solutions resemble tne perfor-
mance of the plant variableg, is called computer simulation.

The twin activities of model building and simuiation are
fundamental to many aspects of automatic control. They represent
the means by which automatic control schemes may ne investigated
without the expenses of purchase of equipment, installation on
the plant, and experimentation on the plant. This saves time and
wasteage through off-specification material as well as capital,
and is inherently safer than operating a plant under unknown
conditions.

B. Formal Training

Formal training took place tiarough a set of lectures, most
of which were given during October and November 1932. The set of
lectu{es dealt with such matters as

‘Simulatioa in the process industries

godelling in the state space

Simulation in the state space




Equation manipulation

Model behaviour and analysis

Reduction of model order

'Hillclimbing' and other optimisation methods
The lecture material was accompanied by discussions and examples
and exXercises.

Additional lectures and discussions were held with wider
audiences, both within SIPAI and to the Shanghai Automation
Society and the Shanghali Instrument Society. In addition to the
above material, subject matter included steam boiler modelling as
a specific example, and hardware and software for process simul-
ation.

C. Computer Software Development

A number of computer programs were takem to Shanghai by the
author, and their use described to the nominated staff in SIPAI.
These were commissioned on a number of test problems by SIPAI
staff on their PDP 11/03 computer both during the first phase,
and during the period between phases I and II. Some additional
programs were written by Sipai staff during this time, so that
the final suite enabled the following coéputations to be made:

Equation mamipulation to state space form
Matrix operations, iacluding inversion

Roots of a polynomial

Zigenvalues of a matrix

Bigenvectors of a matrix

Integration of nonlinear differential equations
Matrix exponentiation

Simulation using matrix expomemntiation
Simulation using eigenvalues and eigenvectors
Simplex optimisation

Hillclimbing optimisation

Additional development of computer programs has been undertaken
by SIPAI staff, particularly in the areas of process parameter
identification and simu “aneous nonlinear equation integration.
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D. Informal Training

As with most engineering subjects, successful modelling and
simulation requires professional judgement, which is omnly obtain-
ed by 'on the job' training. This was undertaken during the
second and third phases.

The particular example chosen was that of a fermentation
process (for the production of glutamic acid). In choosing such
a process, it was recognised that compara*ively little modelling
and simulation has been undertaker in fermentation, and that the
modelling of biological processes is more difficult than the
modelling of chemical or physical processes. Furthermore, the
modelling of batch processes is more difficult than the modelling
of continuous-processes.

Biotechnology will become an increasingly important industry
in China because of its strong agricultural base, and it was the
wish of SIPAI to obtain experience in this field. Equally import-
antly, successful process modelling and simulation of an existing
process can only be undertaken with an enthusiastic and knowledge-
able industrial partner, and such a client was already well known
to SIPAI managemen:. This client was the Shanghai Flavours and
Essences Factory, of 40 Yun Ling Road West, Shanghai.

Preparative work was undertaken in the period between
Pases I and II, and a model based on factory data was developed
during Phase II. The model was shown to simulate factory fermen-
ter performance, and to be able to predict plant behaviour
successfully, on the limited data then available.

Further data processing was undertaken to confirm initial
conclusions during the period between phases II and III. A number
of numerical techniques, including statistical methods of paramet-
er estimation, were also applied to the model.

At the present time, much of the information concerning the
plant status is laboriously obtained from laboratory analysis of
fermentation samples. Phase III has therefore concentrated on
developing an 'indirect-measuring' model. This uses those




- 10 -

measurements which can be made directly on the plant, particularly
by analysis of fermenter exhaust gases, and uses these to infer
the results of laboratory analysis, thus reducing this work
significantly. This work appears to be successful, although full
confirmation is still requirec.

The work undertaken during phases II and III is technically
advanced, and a number of papers are in the process of being
written describing the work. This will disseminate the informat-
ion further, particularly in Chinese industry. One such paper is
reproduced in Annexe I.

E. Advice on Future Development

Mathemati.cal modelling and computer simulation are compar-
atively new activities in China, so experienced personnel to do
this work are scarce. The subject possibly has greater signif-
icance than it has in developed countries, since China is
industrialising rapidly, and technical personnel need tc master
their own and imported technology rapidly. The understanding of
complex processes is facilitated by the use of mathematical
language. In the Chinese language, precise technical expressions
may not exist, or if they do, they may not bear an equivaient
relationship to similar expressions in other languages.

The need for advice on future developments was an important
objective, and this was emphasised at a meeting with Ministry
personnel in August 1984. Accordingly, a detailed report was
written for the Ministry (Annexe II). This report recommends
the setting up of an Institute for Process Modelling and Simulat-
ion, and details its suggested modes of operation, and the
necessary actions to be taken for its development, and to ensure
dissemination of techniques and knowledge throughout China.

ITI. UTIN.ISATION OF RESULTS
A, Formal Training

The formal training has already been utilised in devising
and simulating the fermentation model descrived above, and in
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other process and process control tasks. The lecture material has
already been used to produce additional computer programs to
assist in this work. The group is well motivated and innovative,
and has already mastered the subject sufficiently well to be
producing papers for national and interuational conferences.

The success of the group however poses the major danger to

the ultimate success of the training exercise. Promotion and
natural wasteage will reduce the number of able practitioners
below 'threshold' level. Up to 8 people have been members of the
group at various times, but already this has been depleted. It is
therefore recommended that the present training be regarded as a
pilot exercise, to be repeasted with suitable modifications, with
a larger number of identified participants. The programme could
be simpler, in that it would be devoted entirely to training.
The present trainees could be used as instructors for the second
group, together with suitable Chinese academics, but it is still
recommended that the services of an expert be retained as overall
course director.

B. Computer Software Development

This part'of the exercise has already been successfully
used on a number of practical problems, including the fermentat-
ion modelling work. The only danger to its future use would be
through a shortage of trained staff, for the reasons indicated
above.

Ce Informal Training

The success of the informal training is already apparent in
the quality of the work achieved.

As an industrial task however, the work is not complete in
that the models have yet to be programmed into an on-line wicro-
processor, for data logging and control purposes. This work is
currently proceeding. There is no foiseeable reason why it should
not be successfully completed.
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D. Advice on Future Developments

At the present date, the report for the Ministry of Machine
Building Industry has yet to be discussed by that Ministry. It is
therefore too early to commznt on its ultimate utilisation. If
however .t is accepted by the Ministry, it should be noted that
there would be areas where UNIDO could provide technical assistance.

III. CONCLUSIONS

The present project has been entirely successful in that it
has trained a group of specialists and given them practicas
experience in applying their newly-gained training. These
specialists will form the nucleus for future development, and a
realistic development plan has been formulated.

The work could not have had this degree of success without
the enthusiasm and commitment of the Chinese staff involved.
The author is also appreciative of the efforts of these staff to
enable him to learn about conditions in Chinese universities and
factories. This enabled him to approach the task with greater
understanding and realism. SIPAI made every effort both sociaily
and professionally to enable the author to maximise the profession-
al achievements of both himself and his Chinese colleagues, for
which all concerned remain most grateful.




Auchors: J. Mann®, The Modelling and Simulation Group of SIPAI.
Address: 103 Cao Bao Road, Shanghai, China.

Abstract

Ammonjum glutamic acid, from which monosodium glutamate (HMSG)
is manufactured,.is formed in a fermentation broth by the
excretions of. the hagterium Corynebacterivm Glutawicuz. The
rodelling of this- pracess is difficult.since the model must
adequately describe both cell formation. and product formation,
which occur separately, but in partially overlapping phases.
It is shown that production plant data does not support some of
the assumptions made in the literature. Adequately detziled
equations may e derived to describe the system, and their
parzmeters evaluated using plant data. This is done using 2
cragmatic approach. Integration of the equations gives moael
teilaviour which is well representative of plant behavicur.

Department cf Chemical Engineering, University of Technclosy,
_oushborougn, U.K., on seconament by UNIDC (Umited laticiz
Inaustrial Development Organisation).
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1. INTRCDUCTICE

Monosodium glutamate (MSG) is an important food irgredient, where
it is used as a flavour enhancar, particularly of meat products.
Although traditionally associated with Japan, where about 1/3 of
world production capacity is installed, and Asia, it is manufact-
ured and widely used in processed foods in North America and
Europe. -

Large-scale manufacture was previously by a chemical route. In
1956, however, Kinoshita et al (1) discovered a micro-organism
(subsequently named Corynebacterium Glutamicum) which excreted
large quantities of glutamic acid, and this is now the preferred
route for the manufacture of ammonium glutamic acid (iGA), and
bhence MSG. '

The fermentation route heing of recent origin, many problems still
remain to be resolved. In particular, factory fermentations may
exceptionally take only 28 hours, but may also take as long as

70. hours.

The present work is therefore aimed at producing a model capable

of describing the fermentation prccess, and the identification of
the parameters in that modei. Later work will be concerned with
using the model for predictive purposes, for control, and ultimate-
1y for optimal control.

The work was done on a 150 m3 fermenter at the Shanghai Flavours
and ‘Essences Factory+, using data obtained from normal factory
production log-sheets, backed up by a data logger (JS-200 computer
system) installed by the Shanghai Institute for Process Automaticn
Instrumentation (SIPAI)

**LC Yun Ling Road "“est, Shanghai, China.
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2. BACKGROUND

The glutamic acid fermentation process is, in effect, a batch
biochemical process. In the process, the micro-organism produces
and excretes glutamic acid, which is then converted to ammonium
glutamic acid in the fermemtation broth by virtue of the presence
of ammonia, The primcipal substrate is glucose, with nitrogen
being provided by either ammonia solution, or urea. Inorganic
salts are also required. In effect, over-production of glutamic
acid by the cell causes excretion of the excess, and this is aided
by the deliberate limitation of biotin in the broth (Tanaka et al,
(2) ).

" Production of glutamic acid, at least as far as excretion is
concerned, occurs subsequent to cell growth, rather than concurr-
ently with it, so it is in Classification II proposed by Gaden (3).
In this respect it is more complex than the baker's yeast fermen-
tation kinetic systems investigated by Wang et al (4,5,6,7).

In practice, the system is made more complex by the partial
overlapping of the cell growth phase and the glutamic acid excret-
ion phase (8,9,10).

After cell production has ceased, glutamic acid production and
excr2tion continues, with concurrent depletion of glucose and
nitrogen-containing substrates. The fermentation process is
normally stopped by deliberatel,; allowing the nitrogen-containing
substrate to become depleted, when the glucose concentration has
fallen to around 0.6 - 0.7%.

The principal state variables describing the dynamic process of
fermentation are as follows: cell concentration (X), ammonium
glutamic acid concentration on the broth (P), and glucose concen-
tration (S), together with carbon dioxide production rate and
oxygen consunmption rate.

The first three state variables describe the overall process, but
are difficult to measure on-line, with presently-availacle technol-
osy. The last two state variables, being more readily measurable
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on-line, are therefore very useful in establishing a mathematical
model which can be used to measure X and P indirectly.

Figure 1 shows typical factory data, illustrating the interactiorns
between X,S and P (from Feng (13)).

3. STRUCTURE OF THE MODEL

Ye now proceed from the theoretical mechanisms previously discussed
to set up the structure of a mathematical model for the ammomjium
glutamic acid (AGA) fermentation process. The following discuss-
ions start from the assumption that in spite of the acknowledged
complexities of the AGA fermentatioa process, it can still be
described as following two macro chemical pathwayec, namely

Glucose + Oxygen + Urea (or Ammonia)-w»Cells + Carbon Dioxide +
Water + Byproduct I
and

Glucose + Oxygen + Urea (or Ammonia)=—eAGA + Carbon Dioxide +
Water + Byproduct II

Both byproduct I and byproduct II will almost certainly be
mixtures of chemicals.

From figure 1, it can be seen that the microbial propagation
phase is well advanced by the time that AGA productiom commences.
Therefore, microbial propagation and product formation can be
considered separately, before joining these two aspects of the
model together.

! wth

It is generally considered that microbial growth follows an
exponential growth law, such as
= KX (2.1)

dx
e
<L

Altnouch this wculd describe the irnitial part of the X - curve,

P e ——



- 17 -

(figure 1), it would not descrioe the apparent suvsequent
"{lattening' of the curve. This reduction in cell grcuth rate

to zero is clearly not because of substrate limitation, btut rather
because the microbial population is self-limiting, a situation
better described by the equation

X =KX(1-X ) (2.2)
at Xaax

This equation has been suggested by Riccati in general studies
of population dynamics, and appears satisfactory in that
dX »0 as t-veo . It is less than fully satisfactory in that
dt
dX % 0 at t =0, since it is usually observed that the inoculated
dt
micro-organism does not start multiplying immediately after
placement in the fermentation medium. This requirement will be
considered later. In the meantime, it should be noted that the
.solution to equation 2.2 1is given by

K.t

X = Xo el

1-% - &b

(2.3)

where Xo is the cell concentratiomn at t = Q, and xmax is the
maximum cell concemtrationm attained. In addition, suppocse that
X has the wvalue of xnax/z when t = t’. Then it may be shown

*

that 1t - (xy, - X)X, , e
Ky =1 1n( Xy = X)) (2.4)
t "3525'42

Thus, the two constants K and xmax in equation 2.2 may readily
be determined from experimental data.

As meationed previously, there is a period of zero cell growth
after inoculation into a new medium takes place, during which
tize the cells adapt to their new environment. This is observed
both from production plant log-sheets, and in the laboratory.
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This situation may be dealt with by introducing a 'dead-tinme'.
Thus the cell propagation equation (2.2) may ve written as two
equations

| X -0 where X(t) =X,, 04&t<c, (2.5)
and %:Kag(l - g% £3 T, (2.6)
where K, = ‘l In ( X, - X ) and lg-.-l/x

(t'-1) '&—xo -

This particular cell growth model is easy to use when fitting
existing data, since two of the three parameters (T, and §)
are evaluated independently of each other. However it should be

noted that both Kz and P depend on xuax, and can therefore

only be determined after cell growth has ceased (see figure 1).

Product Formation

Product formation from cells may now be considered. Yamashita(8)
and Wu(10) have shown that tota]l glutamic acid formation is
given ny the equation

EI = _fl_s__x - Ks% (2.7)
dt Ku + S

where K3, Kl+ and K5 are constants. In this equation, the term

Ej_f_ X describes the expression of excess glutamic acid by the
K,+ S

L

cells, and an allowance Ks %% is then made for the accumulation
of glutamic acid within cells, by virtue of their increase in
mass concentration X.

The term K5 %% (equation 2.7) will clearly be zero for much of
the fermentation, by examination of figure 1. Since the material
inside the cell is glutamic acid, whereas the material in the
broth reacts to become ammonium glutamic acid, there is some
difficulty in dealing with equation 2.7..

Cne possible way around this difficulty, which results in a
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slightly simpler model without distorting accuracy, is to rewrite
equation 2.7 as )

S
% = KG—K_?_TE— X (2.8)

where P then represents the concentration of ammonium glutamic
acid in the broth. '

Examihation of factory data comsistently shows that there is a
delay time for the formation of AGA, it being commonly assumed
that only mature cells excrete AGA, This factor may be incor-
porated in the model by introducing a time delay T, into equation
2.8, thus

%l'% = 0,P(t) =0 , for 0 &tetiat, (2.9)
K. S X(t -Tp)
b
and -gl; - K7 + S for t)tl*’tt (20]0)

Substrate Consumptjon

Substrate (glucose) consumption clearly takes place in two parts.
One part is to satisfy the requirement for cell growth, and the
other is to maintain emergetic metabolism of the cell, thus

(AS)q = (85)q + (AS)H (2.11)

It is usually considered that consumption of substrate during
cell growth is expressed by

Qé) R ¢ (2.12)
(dt s ¥, dt
where IG , the 'yield coefficient' is defined by -

S |
Ts = (&S)q (2.13)

Most authors consider YG to be a constant, implying that the
composition of young cells is identical to that of mature cells,
and that the same metabolic pathway is used throughout the cell
formation phase. These assumptions may need to be reviewed, but

so far there is no indication in factory data that they are invalid.
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Yaomashita et al (8) assumed that consuzption of substrate for
retabolic purposes (AS)y would be in two parts, namzely

(i) consumption to produce AGA, and

(ii) consumption for respiratory purposes.

They postulated that the former would be proportiomal to the
formation of AGA, wkereas the latter would be proportional to
cell mass.

In our examination of factory data however, we can find no
evidence for the latter conclusion. Using data abstracted from
Feng (11) and Feng (13), figure 2 has been comnstructed, showing
proportionality between AGA formation and substrate consumption.
If there were a term cof practical significance proportional to
total cell mass, the result would be a progressive reduction in
the gradients of the characteristics in figure 2; indeed,
factory log sheets, if anything, sometimes indicate the reverse.

‘We have therefore assumed that there is a sirgle cell metabolic
rate, resulting in respiration being proportional to glutamic
acid excretion. Thus the total consumption of substrate may be

written
- dS = Ka aX + Kg %% (2.14)

where Ka =1/ !é , from equationm 2.12 .

It has to be noticed that a moderate amount of by-products is
generated during both the cell growth phase and the AGA formation
phase, in addition to CO2 and water., So far we do not clearly
know the molecular formulae of these by-products, although
stoichiometric calculations give some indications. The assumptim
that the molecular formulae of by-products of cell growth and of
AGA formation are invariant must be made. This is not unreasonable
in view of the apparent constancy of yield factors, as evidenced
for example by Figure 2.
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Fence, Kg in equation 2.14 includes implicitly a factor adaiticnal
to theoretical requirements, to account for by-product formation
(BPI) during cell propagation, and K9 includes implicitly a

similar factor for BPII formation.

Summary of Assumptions

The assumptions and simplifications implicit in the model are
sumnarised as:

1) The curves shown in figure 1 are typical of all AGA formationms.
Although there will be batch-to-batch variability resulting in
displacement of the curves, the fundamental shapes will remain
invariant. :

2) The whole of the fermentatiocn procecs, despite its complexity
in reality, may be summarised by two chemical reaction formuvlae.
These take place independently, except that both consume the
same substrate, and cell production must precede AGA formationm.

3) There is a time period, which could in theory be zero, required
for the organism to adapt to its new environment after imoculation
into the production fermenter.

4) The cell does not commence to generite AGA until the cell
grows to a definite age.

5) No change in viable cell concentration takes place after the
period of growth has ceased.

6) Substrate is only consumed for cell growth (and associated
by-products) and AGA formation (and associated by-
products).

7) Substrate consumption for cell respiration is proportional
to substrate consumption for AGA production.
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3. DETERMINATICN OF MCDEL PARAMETZRO

The equations describing the system may be summarised by

-0, v = x for 0<€ t 4T, (2.5)
% = K, X (1 -8X) for te T, (2.6)
% = 0 , P(t) = O for 0 & t ¢ TaT, (2.9)
ap _ Kg S X(t -T) for £ 2T,+T+ (2.10)
at ~ Ky + S

ds X ap '

-d—t - ‘Ka d.t - Kg dt (2.“&)

It is now required to determine the parameters T, T;, K,, B ,

KG, K7 ’ KB ’ and~K9 . A pragmatic method will be described here,
but a statistical identification method would be am alternative
approach.

Firstly, it should be noted that equations 2.5 aad 2.6 are
independent of the state variables S and P. p is readily
determined from the steady-state value of X (X . from equation 2.2).
with T, = O, K, may also be readily determined (Termed K, in
equation 2.4).

&s T, is increased, K, is also increased, in such a way that

K, = Kyt /(0 -Ty) (3.1)

which is a direct result from equation 2.4 . Figure 3 illustrates
the application of equations 2.5 and 2.6, together with eguation
2.1 to fermenter cell growth data. Since it is difficult to
attain accurate plant data for cell concentration X, €T, may
gererally te determined sufrficiently accurately by inmspection.

Iz 2 simiiar zanner, T -may generally be determined from imspect-
iorn, It will be ndted that, in equation 2.10, %% is dependent
en 8§, cnd tiirt in enuction Z.lL %% is denenaent on at °
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It might therefore be assumed that the parameters in ecuatiorns
2.10 and 2.14 would have to be determined simultaneously. Such
however is mot the case, since data for S already exists, and
this can be used in equation 2.10 to determine K6 and K7.

A pragmatic approach to the determination of KG may be adopted
by noting that X is comstant for much of the latter part of the
fermentation, when P is changing most rapidly. Hence, putting
K7 equal to zero and measuring the maximum gradient %% of the
product curve, gives a good estimate for KG'

If such an equation is them integrated using plant data for S,

it will be found to have a reducing in the latter stages of
fermentation due to substrate depletion, but inadequately so.
Increasing curvature may be given to the P-curve by increasing

K7, but the wvalue of K6 must be simultaneously increased to
compensate for this. In this way, it is possible to repeatedly
simulate equations 2.9 and 2,10, using for example the method
described by Peng and Cui (12), progressively making the integrated
equations approach the plant data.

The parameters in equatiom 2.14 are in principle simple to
determine pragmatically, since %% is zero for a significant
time during the fermentation, and furthermore %% is also zero
initially. It is however important to note that K8 and K9 could
be determined from stoichiometry, particularly if the chemical
compositions of the 'lumped' byproducts were kmown. Without this
information, chemical stoichiometry can only give upper and lower

bounds for K8 and K9.

The parameters K8 and K9 may also be determined with comsider-
able accuracy by plotting factory data in the form of figure 2,
when K9 may be derived from the gradient of the plot of AGA vs
substrate consumed, and KS from its intercept with the substrate
axis.
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5. RESULTS AND DISCUS Y

Using the results described in Section 3, model parameters have
nov been determined for a number of prcducticn rumns of the 150 m3
fermenter described in Section 1. The integration method was that
of Peng and Cui (12). One such simulation is presented in
Figure 4.

The same methods have also been applied to the 50 m3 fermenter
described by Feng (13), with the results presented in Figure 5.

Given that factory data is always more variable in nature than
laboratory data, it can be seen that adequate plant simulations
have been obtained.

Where the model is not completely satisfactory is in its assumpt-
ion that all cells will take the same length of time to mature (T,)
tefore commencing propagation. This would have only a small

effect on the substrate (S) response and the product (P) response.

6. CONCLUSTIONS

It has been shown that the complex biological phenomena involved
in the production of ammonium glutamic acid can be described in
sufficient detail mathematically to represent realistically full-
scale plant behaviour.

The uethod of determining the model parameters nas provec effective,
although it would be less-well suited for on-line mocel up-aating
for plant prediction purposes. For this reason, a statistical
identification method has been developed, and will be the subject
af a later paper.

7. ACULCWLELAENENTS
The authors gratefully acknoviledge the assistance of tlie staff of

the Shanghai Flavours and Essences factory, particulcrly !'r Feng
Fers 3ao for many helpful discussions.




4.

6.

7.

9.

10.

- 25 -
8. REFEREECES
Kinoshita, S. et al , J. Gen. Appl. iicrobiol. (Jaran) 3,
192 (1957).

Tanaka, A., Iwasaki, T. and Kinoshita, S., J.Agric.Chem.Soc.,
Japan 34, 593 (1960).

Gaden, E.L., Chem.Ind.Rev., 154 (1955).

Cooney,C.L., Wang, H.Y. and Wang,lC.I.C., "Computer-aided
Material Balancing for Prediction of Fermentation Parameters",
Biotech. & Bioeng. 19, 55 (1977).

Wang,H.Y., Cooney,C.L. and Wang, D.I.C., "Computer-aided
Baker's Yeast Fermentations", Biotech. & Bioeng..l19 , 69 (1977).

Wang,H.Y., Cooney,C.L., and Wang, D.I.C., "Computer Control
of Bakers' Yeast Froduction", Biotech. & Bioeng., 21, 975
(1979).

Wans,H.Y., COODQY,C.L. and wang’ D.I.C.’ "On-line GaS AnalYSiS
for Material Balances and Controi'", Biotech. & Bioeng.Symp.,
2, 15-23 (1979).

Yamashita,S., Hoshi,H. and Inagaki,T.,"Automatic Control and
Optimisation of Fermentation Process: Glutamic Acid", in
Fermentation Advances, ed. D. Perlman, Academic Press, H.Y,
(1969), pp 441-463.

Kishimoto,M., Yoshida,T. and Taguchi,H., "Simulation of Fed-

batch Culture for Glutamic Acid Production with Ethanol Feed-
ing by use of Regression Analysis", J.Ferm.Tech., 29, 43-48,

(1981).

"u Peizong, '"The Mathematical Model’of Glutamic Acid Fermen-
tation", Journal of !Microbiology (China),?75-80, Jan 1980
(In Chinese).

Feng Ying Ru,"Analysis of Recoras of Glutcumic Aciu Foriefiil-

NeB L] - P .
Lonm, fFeol snd Fepmentotio: ToQuatoy, “.eiil ¢ 7

- ' .- PR L ea L e ia




13,

- 26 =

Peng Yu and Cui Xuesong, "Continuous System Simulation
Language Adapted to Micrccomputer Applications", presented
at Annual Meeting of Shanghai Instrument Society, Cct 1983
(In Chinese).

Feng Reng Bao, "Process Analysis of Glutamic Acid Fermentat-
jon", Food and Fermentation Industry, March 1981 (In Chinese)




S = Substrate
L = Cells
= Product




Figure 2. Relationship between Product and Substrate
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SUMMARY

MHathematical Modelling and Computer Simulation are defincd
and the contributions which these techniques could potentially
make to safe, efficient and cost-effective industrial development
in China are described. These contributions fall into three
broad categories, namely

(1) modelling for industrial strategic planning purposes

(ii) modelling for process and process operational
improvement

and (iii) modelling for automatic control and automation

It is shown that in all three of these areas, the financinl
benefits from modelling activities far exceed the costs involved,
and it is concluded that a very large expansion of these activities
in China is entirely justified. This could best be achieved by
setting up a central Institute to work on industrial modelling
problems and to concurrently train staff seconded from Ministries
and Industries, so that the techniques become more widely used,
and their benefits more widely felt.

The rucning costs of the proposed Institute have been
estimated, and suggestions made for its organisation, lines of
communication, funding, and modes of operation.
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SUMMARY OF RECOMMENDATIONS

That an Institute be set up to apply mathematical modelling
and computer simulation to solving China's industriol
expansion problems. (Paragraph 7.4)

That the Institutework in the three areas:

Industrial strategic planning model building
Modelling for process and process operational improvements
Mcdelling for automatic control and automation (13.1)

That the Institute be made directly responsible to the
Ministry of Machine Building Industry. (7.15)

That the Ministry of Machine Building Industry bear the
initial costs of setting up the Institute, and act as its
*financial guarantor’. (7.17)

That the Institute undertake work for Industry, operational
Ministries, the Bureau of Instrumentation, and the Ministry
of Machine Building itself. (7.16)

That the clients of the Institute should bear the full
costs of studies made on their behalf. (7.16)

That the Institute initiaily be based in the premises of
the Shanghai Institute for Process Automation Instrument-
ation, and draw on its staff and equipment resources.(8.3)

That staff for the Institute cousist of both professionally
trained mathematical modellers and staff from lndustries
and other Ministries. (7.6)

That, in addition to undertaking modelling tasks the
Institute should be responsible for training, and for
disseminating modelling and simulation knowledge into
Industries and Ministries. (7.3

That Nuclear Engineering should have a high priority for
modelling activi‘ies. (8.4)

That, in addition to modelling for strategic planning,
attention initially be focussed on two priority industry
sectors. (8.7)
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12. That ultimately a range of.process industries should be the
subject of modelling activities. (7.9)

13. That staff for initial training be identified and
nominated by all appropriate organisations, as well as the
Ministry of Machine Building Industry. (7.2 & 7.6)

14. That such staff should ideally be numerate engineers,
' augmented as necessary by mathematicians, physicists,
chemists and microbiologists Teb)

15. That an intensive course of training for these identified
staff take place in China using both Chinese staff and an
overseas expert. (11.6)

16. That an additional intensive course in model building for
strategic planning, for identified staff, take place in
China using the services of an overseas expert. (11.7)

- 17. That further training take place in selected organisations
overseas. (9.3)

18. That senior staff in all appropriate Ministries make
themselves familiar with the potential of modelling tech-
niques in their own areas of responsibilily, by attending
lectures and by an overseas study tour. (9.6)

19. That the resources available in Chinese Universities
be fully used in the work of the lrstitute. (11.3)
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1. Introduction

Tel The present report results from the author's experiences

and observations during a 6-month UNIDO contract, working for

the Ministry of Machine Building Industry. The six-month period
was divided into three phases, and took place in 1982, 1933 and
1984. During these periods the author was additionally able to
visit a number of factories, research institutes and universities.
Discussions were also held at a senior level in the Ministry of
Machiné Building Industry. The knowledge gained during these

visits and discussions is drawn upon heavily in writing this
report. The present report councerns only the process industries.

2. Background
2.1 Mathematical modelling refers to the act of writing down

the mathematical relationships which describe a physical process.
The equations may be based on absolute laws, such as those of
conservation of mass and energy and momentum, Or they may describe
functional relationships, such as the proportionality between
voltage and current expressed by Obm's Law. The equations necess-
ary for description of a particular process, or part of a process
system, may come¢ from Engineering, Chemistry, Physics, Biology or
Economics, and may include models of human behaviour. The equations
may describe the flow of enefgy (heat, electrical, mechanical,
fluid, chemical or biochemical energy), or the flow of mass, or
momentum, or the flow of information.

2.2 A number of equations will be required to describe a.single
system. These equations will be a combination of algebraic
equations and differential equations. Both kinds of equation may
be either linear or mon-linear.

2.3 In some ways, these equations are very similar to the
equations which engineers use when designing a process system.
Much of the information will be the same, but the approach is
different. An englineering designer is usually interested in a
very specific design, whereas a mathematical modeller will build
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greater generality into his model to allow for unusual operating
conditions. The emgineering designer is interested in process
plant which does not exist, except as a concept; the mathematical
nodeller may use his model to investigate both plants which have
not yet been built, as well as existing plants, or combinacions
of these.

2.4 In high technology projects, the engineering design team
and the modelling and simulation team would work clogely together.
In the process industries, these projects would also include a
control team and an instrumentation team. The field of mathemat-
ical modelling and computer simulation is so broad however that
it would be wrong to think of it only in the context of engineer-
ing design, control and instrumentation. .

3. Re n M d t

el To make a comprehensive model which describes every aspect
of a process or process system would be a very time-consuming
task. It is therefore very important that the precise reasons

for making the model be formulated, so that irrelevant equations
are excluded and so that full attention is directed towards making
the relevant equations sufficiently detailed and accurate to

fully represent reality. Some reasons for undertaking a mathemat-
ical modelling and computer simulation assignment could be:

(1) To aid capital investment decisions.

3.2 Some capital investment decisions are simple ones. For
example, a steel-making plant which does not have coke-making
ovens will want to instal its own coke-ovens. The necessary size,
the coal requirements, and the value of the coke-oven gas can all
he calculated in deciding on the cost effectivemess of that
investment decision.

3.3 A more difficult decision could occur in an electrical
power distribution network. the addition of ome new power-
station, or generating set within a power station, will require
also additional switchgear and high-voltage cables, which can be
costed. As a result, power transmission on other cables in the
high voltage grid will be reduced, increasing the reliability in
those cables in overload situations and reducing the need for
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capital expenditure there. Different sites for the new power
station will therefore have different physical effects, and there-
fore different costs and different benefits. An additional
complicaiing factor would be the anticipated growths of power
requirements in different parts of the grid.

34 In the past, all alternative investment decisions could
not be examined, nor could the full consequences of these decis-
ions., The result was that the best value for money was not
obtained, and frequently there were consequences which had not
been investigated, resulting in disruptions elsewhere, and the
need for yet more unforseen capital investment. Mathematical
modelling enables the decision-maker to minimise these undesir-

able consequences.

(ii) To improve process safety.
%.5 Many simple processes can be made inherently safe by

appropriate design, automatic control, and operating proceed-
ures. More complex plant, for example in the chemical, petrol-
eum and petrochemicals fields will be capital-intensive, and
will operate with very few process operators. It is therefore
important that models he used to describe these plants, both in
their normal modes of operation, and in malfunction conditions,

to improve overall plant safety.

3.6 Such models are mandatory in the field of nuclear power
generation, where the full comnsequences of all possible plant
malfunctions must be thoroughly investigated to ensure the
complete integrity of the plant. The 'Three Mile Island'
(Harrisburg) incident emphasised the need for that. In that
instance, process operators completely misread the plant status,
and consequently took precisely the opposite actions to tne ones
they should have taken, making a difficult situation into a

near-disaster.

(1i1) To train process operators.

3.7 The Harrisburg incident underlined the need for full
operator training. Clearly, training on the plant itself cannot
encompass deliberately-contrived malfunction conditions. Even in
safe conditions, the production of off-specification product
would be prohibitively expensive. It is therefore becomming
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more usual to program a mathematical model of a process into a
computer, which is then used to drive the instruments on a
controlpanel similar to the actual control panel, and to accept
and process operator instructions. 1In this way, operators can

be trained on a simulated plant, under both 'normal' operating
conditions as well as 'abnormal' conditions. This training can
even take place before the plant itself has been commissionec.

It is clearly important in a country such as China, where rate of
industrial expansion will result in the need to train large
numbers of process operators, who do not necessarily already have-
an industrial background.

(iv) To investigate Automatic Control Schemes.
3,8  Historically, it has been possible to adjust the paramet-
ers on three-term controllers on the vlant itself. The complex-
ity of modern processes hcwever means that the control schemes
must be fully investigated 'off-line'. Interactions between
control loops too will mean frequently that no more than minor
adjustments to control loop parameters can be made on-line, and
often even then orly after reference has been made to the model
and its simulation.

3.9 For more complex control schemes, involving for example
optimal control, a model of the process is essential.

(v) To determine the cause of problems.

3,10 Frequently, problems of an unexpected nature occur during
the commissioning of a new plant, or during its operating lifetime.
The engineer will put forward an idea that may be causing the
problem, and it can then be examined using a model, to see if

that phenomenon as recorded by the plant instruments can be
reproduced by the model. This is frequently a more cost-effective
way of 'trouble-shooting' than dismantling parts of the plant, to
examine each suggested idea in turn.

(vi) To improve understanding.

3611 Modern processes can be so complex that their precise
mode of operation can be doubtful. This particularly applies
when technology has been purchas:d from another company, partic-~
ularly if it is in another country. Even with the very best
intentions, techmology transfer is difficult. Wiere there is a

M B S
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language barrier, technology transfer will be more effective
through the language of mathematics, and the experience of having
simulated the process under discussion.

3412 Frequently too, it will be desired to operate the purchased
plant using different feedstocks, or under different corditions
firom those that have been used by the company from which the

plant was purchased. Mathematical modelling and coumputer simul-
ation is the only way to minimise the risk of damaging the plant,
the production of off-specification material, and the time requir-
ea for re-commissioning the plant under the new conditions.

3.13 A somewhat less dramatic, but nevertheless important
result of improved understanding is that of more efficient raw
material and energy utilisation, and more consistent product
quality. Even if the immediate benefits from this are small,
such benefits will be felt year after year. The accumulated
benefits will therefore be substantial, making modelling a
worthwhile exercise even in well-established industries such as
traditional cement and glass manufacture. '

(vii) To apply research results.

314 By its very nature, research experiments are confined to
examining each physical phenomenon separately. It is frequently
impossible to draw together the results of different investigat-
ions, other than on the ;.oduction plant itself. Plant management
will however be quite understandably reluctant to apply the results
of research work. This is particularly true where research has
indicated that a radically different set of operating conditions
would be benmeficial. A way to help bridge this gap can be to
construct a model containing the research results, together with
practical factory plant constraints. Should the factory have
additional hesitations based on their own practical experience,

it may be possible to investigate their fears, using the model,

to assist in dispelling them. Modelling can therefore be a
powerful 'sales' tool for research and development management.

3.15 A frequent benefit for research staff from the simulation
exercise, is that they can readily see the benefits of their own
research, iu the overall context. In some cases, a result will
be that the research will be redirected into more beneficial
areae. The profitable direction of research is always difficult,
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and any tool which assists in this is well worth using.

Lo The Relationship between Modelling, Simulation and
~ Automatic Control.

Lo From the descriptions in Section 3, it will be seen that
modelling is an activity which is beneficial in its own right.
It is not necessarily connected with automatic control, although
in advanced control situations, instrumemtation, automatic
control and modelling are inseparable. Simulation is the tool
by which the modelling is understood.

4.2 In modern process plants, instrumentation not only pro-
vides the information for automatic comntrol of those plants,

but also provides management information, from which more '
effective managerial decisions can be made. For more routine
management decision making, it is possible to devise a set of
rules which can be programmed into a computer, thereby leading
to what is called hierarchical contrvl, which also requires
off-line investigation using modelling and simulation techniques.

L.3 In all modelling or simulation work, whether for automatic
control, including hierarchical control, for process investigat-
ion or as an essential tool for top-level decision making,
similar mental attitudes are required by the modellers, and the

techniques and equipment used will be similar, if not identical.

5 Financial returns from Modelling.

5.1 Modelling is an activity which consumes the time of
highly skilled manpower. It is therefore very important that
the financial returns justify the cost. The following are some
examples of costs and resultant savings:

(1) To aid capital investment decisions

5.2 In one project undertaken by the author in 1967, invest-
ment in plant for a cardboard manufacturing plant (similar to
paper-making plant) was considered. The company already owned
11 cardboard making machines, making 150 different products,
and was considering purchasing an additional machine, at a cost
of £11M' at 1967 prices. The compahy wished to know which of

#*
Current exchange rate is £1 = ¥ 3.05
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its products should be made on the new machine, to establish its
specification. The author examined the techmical capabilities of
each of the existing machines, and hence their flexibility for
manufacture of different products, as well as the company's own
market predictions for eash of its products. It became clear that
a 12th machine was not justified because, by rearrangingthe prod-
ucts on the existing machines, there would be ample capacity for
the next five years.

5¢3 This study required six months of full-time effort from
one engineer, and resulted in a saving of £11M at 1967 prices.

5.4 The work also gave the company information concerning

plant modifications which might have to be madeif the market
changes did not occur as predicted, and which machines it would

be necessary to modify, and how the new product mix would then be
allocated between the machines to minimise energy consumption.

It also gave the company management a computer mcdel to allow it
to tell 'at a glance' which were its most profitable products when
raw material prices were changing with respect to each other.

55 The financial returns for the effort involved in this
study are probably typical. They emphasise the very large
benefits from quite modest investments, and explain why modelling
is essential in top-level decision making.

(ii) To improve process safety.

5.6 It is difficult to put a value on process safety, and the
costs of modelling will vary according to plant complexity and
according to whether the plant is already in existence, and
therefore many of the parameters are fixed. It is known that a
team of approximately six people worked for three years full time
developing a model of a novel steam generating nuclear reactor.
This was before the design was finalised and many parameters had
to be investigated.

S5e7 A model of an established design of nuclear steam gener-
ator could require 4 man-years of work, over a two-year period.

A nuclear steam generator might cost say US§ 120M. The consequences
of a disaster would cost far more than this. Even the loss of
electrical output from a lesser accident whilst the:plant was

out of commission would be substantial, say ¥ 500M for a 9OOMW
station out of commission for & months, in lost revenues.
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(iii) To train process operators. A

5.8 Inadequately trained process operators result in excessive
plant ‘down-time', particularly during the first one or two years
of the life of a plant, and additional maintenance costs. The
products from the plant are likely to be off-specification, and
therefore result in more costly 'down-stream' operations and
reduced value of products.

5.9 If a high tonnage petrochemical plant, with a capital
cost of say£19OM has to be run at 80% capacity in the first year,
the resulting loss of revenues would be of the order of £40M, or
a loss of profit of £4M in that year. Additionally, if half of
the product is off-specification and has to be sold at a discount
of 10%, the loss of profit might be a further £8M in that year.
This might well result in a loss of export earnings, a serious
consequence for China.

5.10 An instrument and control panel, with interfaces to a
microcomputer containing models of the plant could cost £300,000.
The models themselves might take 4 - 6 man-years to develop,

over a 12-month period, but this cost would be very much less if
the models had already been developed for instrumentation and
control studies. To this should be added the cost of training say
100 process operators over a period of 1 or 2 months.

(iv) To investigate automatic control schemes.
5.11 A process which is already under reasonable control can
tenefit from modelling and simulation, and the resultant improved
control scheme, in a number of ways

(a) Throughput should increase. It would be unusual
for the increase in plant throughput to be less than 5%, and
figures of 20% are not unusual in some industries. An increase
in throughput of 20% in complex processes, where hierarchical
control is used, is quite possible.

(b) Energy consumption should decrease, typically by
5 - 10% in well run industries.

(¢c) Product quality should be more consistent.

Se12 An increase in throughput of 10% in a plant producing
1,000,000 tonnes/year of a product worth £200/tonne in sales
value, with a gross margin of 10% of sales value, would result
in a profit increase of £2M per year. If energy costs were 55 of
sales revenue, and a fuel saving of 5% was made, the additional
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savings ian fuel would be worth £0.5M per year. If the increase
in quality means that product camn be sold at a premium of 10%,

the increase in profit would be £20M per year.

5.13 The costs of such an exercise might be 4 man-years of
work over 12 months, plus the costs of additional plant seasors
and microprocessors.

(w¥) To determine the cause of problems.

5.14 These modelling exercises usually have to be undertaken

at short notice. 1In one exercise in which the author was concern-
ed, it took one man-week of modelling and simulation to determine
the cause of a problem. The plant was a small one, having cost
only £1.2M, but it generated profit at the rate of £192,000 per
week. The very short modelling exercise probably enabled the
plant to get back into full production two weeks faster than it
would otherwise have done.

5.15 A further exercise with which the author was involved,
concerned the 'de-bottlemecking' of a complex production and
assembly line for the manufacture of industrial lead-acid
batteries. One man-month of modelling and simulation resulted in
an 18% increase in throughput, which was equivalent to an increase
in profits of the order of £350,000 per year.

(vi) To improve understanding.

5.16 It is difficult to evaluate the benmefits from improved
understanding of a process, but one approach would be to consider
modelling and simulation in the context of what has been called
the 'learning curve'. What people mean by this is that product-
ion costs for existing plant typically reduce over a number of
years, as more is learnt about the plant and its technology, and
how to manage it. It is not unusual for companies to find that
they can reduce production costs by £30/tonne for example, over
a number of years, which would be equivalent to a profit increasc
of £30M per year on a large plant.

5«17 In order to achieve this, plant modifications and addit-
ions would have to be made, incurring additional costs.
Modelling and simulation can make a powerful contribution to
acheiving these savings, through improved process understanding.
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(vii) To apply research results.

5.18 The reluctance of industrial 'customers' to apply research
restlts is universally observed. Repeated refusals result in
low research morale and adversely affect the credibility of
research management.

5.19 In one exercise in which the author was involved, a research
and development project had cost at least 6 man-years of effort
over a two-year period. The result was a number of reports which
had been written at different times, and which the factory staff
had difficulty understanding. ‘Indeed, the research staff had
difficulty in being precise about their recommendations, because
different people had done different parts of the work, under
different sets of experimental conditions. .

5.20 The modelling work required 2 man-months of effort over a
six month period. The end product was that the research results
were condensed into the model, which was used to successfully
'sell' the research to the factory, therby 'saving' 6 man-years

of effort. The model was also used to plan the experiments for the
next phase of the research.

6. Indugtries which woyld benefit from Modelling
6.1 Traditionally, modelling has been applied in the large-

scale processing industries. For example, the published literature
includes models of many of the aspects of iron and steel making,
including materials handling, sintering, blast furnaces and elect-
ric arc furnaces, ingot cooling and slab milling, slab reheating
and sheet rolling. The optimal scheduling of steel-mill internal
rail transport has also bheen considered.

6.2 Modelling of the wet-end of paper mills has been shown to
be beneficial in improving control, resulting in more consistent
product quality. In other.traditional industries, such as cement
and glass manufacture, modelling has been shown to reduce energy
consumption, and to allow product quality to be improved.

6.3 Petroleum refining, petrochemicals, and chemicals indust-
ries, both organic amd inorgamic, all have similar unit operations,
and all of these have been the subject of mathematical modelling
exercises, for control purposes, for production planning and for
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overall planning decisions, including plant location problems.

6ol Both conventional and nuclear steam gererator models are
reported in the literature. These may frequently be coupled with
turbo-generator models. Models of electrical distribution
networks are commonly used for controlling power flows in grid
systems on a routine basis, and also for determining the need for
additional investments in the grid system.

6.5 All of the above processes are essentially continuous
systems., In other industries, batch systems are more common,
and the modelling problems more difficult, but just as beneficial.
Detergent manufacture and vegetable 0il processing are frequently
continuous processes, but the manufacture of resins, paints,
pesticides, dyestuffs and pharmgceuticals are usually batch
operations.

6.6 Modelling batch systems is usually more difficult than
modelling continuous systems operatirg in their normal running
state. During the start-up and shut-down periods on a continuous
plant, the modelling problems are very similar to those of a
batch plant.

6.7 Special mention should be made of the fermentation indus-
tries, which produce pharmaceutical materials, as well as human
and animal foods or food ingredients, and which are also used for
effluent treatment. So far, very little modelling has been
applied to these biotechmnology processes, but the benefits in
improved understanding of fundamental biological and biochemical
mechanisms, and in more efficient process operation and control,
are likely to be profound and far-reaching in this rapidly-
developing area.

7. A Format for Development in China.

7.1 To a coumtry such as China, with a high rate of industrial
development, and having to purchase much techmology overseas,
mathematical modelling and computer simulation will be essential
in aiding the evaluation, deployment and efficient operation of
that technology. The need to generate finance through exports,
the importance of spending the available finance in the most
profitable way, and the need for efficient use of energy, also
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emphasise the need for very much greater efforts in mathematical
modelling and computer simulation.

7.2 In looking forward, a format must be employed which
enables modelling resources to be efficiently used and developed.
The major tasks undertaken should be those which are of zreatest
importance to China, whilst not restricting initiatives in other
areas. This can be achieved by initiating an accelerated programme
of development in a centrally placed Ministry, or Bureau of such
a Ministry. The staff for such a development however would come
not only from that Ministry, but also from other Ministries
concerned with these matters. These latter staff would return to
those Ministries, and to the industries responsible to those
Ministries at the end of their period of secondment and tréining.
The techniques learned and experience gained during their period
of secondment can thus be used at plant level. At the same time,
they will inject practical knowledge into their host institution
during their period of training.

7.3 It is important that the proposed Institute should not
attempt to monopolise modelling and simulation of processes.
Rather, it should act as a central pool of expertise from which
techniques and knowledge should flow, through the training of
staff, to each and every relevant industrial enterprise and
decision making centre in China.

7.4 The ultimate objective should be to set up an organisation,
of Institute size, concermned solely with mathematical modelling

and computer simulation. Of necessity, such an Institute should
have close links with instrum:nt development, and also have access
to, and enjoy the confidence of, the most senior decision-making
bodies within Ministries responsible for overall planning decisions.

7.5 Sucih an Institute would mneed to be organised s0 that it
could beccome immersed im the techmology of particular industrial
sectors, such as: '

Iron and Steel

Non-ferrous processing

Minerals treatment

Nuclear Engineering

Petroleum and Petrochemicals Processing
Power Generation and Distribution
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Paper and Cardboard Manufacture

Glass Manufacture )

Cement Manufacture

Soap, Detergents and othe Chemicals Processing
Fermentation

Food and Food Ingredients Processing

7.6 It is envisaged that each Group would be staffed by both
resident experts in different aspects of model-building and
simulation, as well as by knowledgeable staff seconded to the
Institute from their appropriate industries. Opportunity should
also be made for the resident experts to be seconded to appropriate
industries at some time during their professional careers.

Staff should, in the main, be numerate engineers, together with
mathematicians and, where appropriate, physicists, chemists,
microbiologists and biochemists.

7.7 The size of each group would depend on a number of factors,
such as the economic importance of that industrial sector, the
current and future rates of investment, and the opportunities

for technological development and financial improvements in those
industries. Some Ministries and industries will see the need for
additionally developing their own modelling, simulation and
automatic control capabilities, and this should be encouraged,
whereas others may prefer to rely on the central Institute for
that expertise.

7.8 Supporting the above operational groups should be service
sections, such as those responsible for advising on simulation
software and hardware, specialist statistical and econometric
techniques, training, recruitment, etc..

7.9 In making the proposals fcr a centralised Institute, the
author is aware that no directly comparable Institute exists in
the Developed countries. The problems of China however are gquite
different. Model building is still at an early stage of develop-
ment, and needs the fostering that a central institute will give,
through its leadership. China has limited financial resource for
industrial development and camnot afford to purchase inappropriate
technology, incorrectly sized plants, or plants which cannot
operate at full capacity because of unforseen factors. Indust-
rialisation is probably proceeding more rapidly in China than it
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has ever done in any other country.

7.10 The author is aware of the current organisational reforms
being considered in China, and the likely decentralisation which
will result. The limitations on finance for development will
however still mean that more central financial control will be
maintained in Chira than is usual in the 'laissez faire' economies
of the developed countries. The proposed Institute is therefore
more relevant in China than it would be in developed countries.

711 Modelling and simulation for investment pianning requires
special consideration. Where advice is being given to an
industry sector, or its Ministry,'there are sometimes reasons why
that work should be undertaken in the appropriate industrial
sector group. Where the work is being undertaken for a Ministry
responsible for overall planning decisions, such as the Ministry
of Machine Building Industry, clearly confidentiality must be
maintained. It is therefore recommended that this take place in

a separate 'Strategic Planning' group, directly responsible

within the Institute to a Strategic Planning Vice-President. It
is not at all necessary that this group should be geographically
close to Beijing; it is more importart for the group to be placed
together with other engineering modellers. Indeed, tne members of
the group should be drawn from the more experienced members of
other groups within the Institute.

7.12 The Strategic Planning Group should be staffed mainly

with engineers, since the kind of model building and simulation
envisaged is that which is used for dynamic engineering systems.
Some economists and econometricians should also be in the group to
interpret economic data but in general, the model building and
simulation techniqueé used by econometricians are as yet less
well developed than those developed for simulating engineering
systems. Furthermore, it should not be the function of the Group
to try to take over the econometric modelling for national
planning purposes, which is no doubt already being used in China.
Staff experienced in mathematics, statistics and operational
research would also be desirable.

7.13 It is recommended that the Institute be managed by a
Management Committss, with three Vice-Presidents, responsible for
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Technical Groups, Service Sections, and Strategic Planning respect-
ively, under the chairmanship of the Institute President. This
structure is shown in Figurs 1.

7.14 Consideration also needs to be given to the line of
authority between the parent Ministry and the Institute. Because
the Institute will be concerned with automation and automatic
control, it would be proper for it to report to the Bureau of
Instrumentation within the Ministry of Machine Building Industry.
However, its terms of reference, as outlined, are far wider than
this. If the Institute is responsible additionally for providing
advice concerning efficient process operations and cost-effective
investment recommendations to operational ministries, then this
exceeds the terms of reference of the Bureau of Instrumentation,
and the Institute should therefore report direct to the Ministry
of Machine Building Industry. Furthermore, the Institute would
be responsible for advising.the Ministry of Machine Building
Industry on matters of Strategic Planning.

7.15 For all these reasons, it is therefore recommended that
the Institute snould report directly to the Mimistry of Machine
Building Industry.

7.16 Although it is suggzested in paragraph 7.15 that the
Institute should be responsible directly to the Ministry of
Machine Building Industry, it is not suggested that all funding
should be provided by that Ministry. Where work is undertaken
directly for that Ministry, for example in Strategic Planning,
funding for that should be provided by the Ministry. It is
anticipated that similar work will be requested by other Ministries,
and funding for that should be provided by those Ministries.
Advice given to the Bureau of Instrumentation should he funded by
that Bureau (who may in turn wish to recover costs from other
Ministries). Where advice is given to Industrial Sectors, that
advice advice should be charged to those Industries.

7.17 It is therefore recommended that the Institute should
receive funds from a number of sources, and not just the Minmistry
of Machine Building Industry. There will however be a requirement
for an overall financial sponsor, particularly in the formative
years of the Institute, and it is recommended that the Ministry
assume responsibility for that important task.




- 51 -
8. Short-Term Recommendations.

8.1 In the short term, consideration needs to be given to how
the objectives given in Section 7 can be achieved. '

8.2 It is most impractical to consider setting ip a new Instit-
ution as a completely separate entity. It is better to graft the
beginnings of the Institution on to an existing one, and to give
it the resources needed to grow from that base.

8.3 Because of the affinity of the proposed work to that

already being undertaken in the Shanghai Institute for Process
Automation Instrumentation (SIPAI), *his would seem to be a logical
place for its development. There are already some staff trained
in the specialist techniques required and, more importantly,
mental attitudes in SIPAI are attuned to the comcepts of interact-
ing dynamic systems. A nucleus of staff already exists. Suitable
computational facilities also exist, and the developing simulation
laboratory will be an important tool. Process knowledge from a
number of industries is also already in existence, but the rele-
vance of this will depend on which industries are to receive
priority treatment.

8.4 Consideration also needs to be given to the initial work
area priorities. Each of the areas listed in paragraph 7.5
would amply repay modelling and simulation expenditure. The
over-riding requirement for nuclear safety, together with the
development of plans in China for nuclear power generationm,
would seem to indicate that this should be the highest priority.

8.5 The heavy investment in petroleum processing comsequent
upon successful exploration, indicates that this should be a
priority area, together with petrochemical processing. Safety
is also important in those industries.

8.6 The rapid development of China's iron and steel industry,
including high-technology continuous casting, would give this
industry a high priority. “The likely rapid development of the
biotechnology industries could also indicate a priority area.

8.7 It is recommended however that initially attention be
focussed on no more than two of the above areas, ome of which
should be Nuclear Engineering. Resources should be made available
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to enable this to take place, and to enable the overall object-
ives to be met in as short a time ‘as possible.

9. The ort of T ng.

‘91 As previously stated, mathematical modelling is essentially
dcopendent on the availability of trained personnel. A training

in automatic control or systems engineering is an excellent
introduction, but to this must be added additional trairing in
specialist mathematical and computational techniques. Equally
importantly, successful mathematical modelling depends on
professional judgement, particularly where decisions must be made
regarding physical relevance and mathematical relevance. A gener-
al engineering training assists in this, but as in all engineering,
professional judgement is best learnt 'on the job'.

9.2 It is recommended that an accelerated programme of training
be instituted. Some of this could take place in China, but the
most effective solution would be for a number of selected personnel
to be trained in appropriate educational and industrial institutes
overseas. Where possible, such trainees should take with them a
process modelling problem of importance to their imstitute.

9.3 It is recognised that overseas training is expensive.

The author has found from working with Chinese colleagues, and
from discussions with Chinese undergraduates and postgraduates in
Universities that they posess the right intellectual abilities

and attitudes, and training, to make a success of their overseas
traianing. Model building however is a multidisciplinary activity
which requires a breadth of understanding across a number of

areas of engineering, together with physics, chemistry and possibly
biology, and combined with mathematics, statistics, computer
science and possibly economics and human dynamics (cybernetics).
The Chinese educational system is still oriented towcrds producing
narrow specialists. The relationships between the above discip-
lines are better'appreciated overseas, and therefore overseas

training in modelling will be all the more important and bene-
ficial,

94 It is important that such trainees should not be left in
isolation during their training. They should produce regular
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reports, at say monthly intervals. These reports should include
technical progress on the trained's modelling problem. These
trainees should be visited on a regular basis, perhaps at intervals
of 6 - 9 months by an experienced mathematical modeller, when they
should make a formal presentation of their progress, and discuss
the details of this. Such a visit may be combined with attendance
at appropriate conferences and meetings.

9.5 In the longer term, sufficient eipertise ~ill be built up
in the Institute to enahle most of the training to take place
there. The contribution that academic staff in Chinese univer-
sities can make towards training should not be neglected.

9.6 It is also important that senmior staff within the Ministry
of Machine Building Industry, as well as in the operational
Ministries, should make themselves thoroughly aware of how these
powerful tools can assist them in their decision-making. It is
recommended that such staff be briefed on modelling methods and
their relevance, and that they then undertake a study tour of
relevant institutions abroad. Those institutions would include
universities, research institutes and commercial companies.

10. E m or Dat n d S tion.

10,1 Modelling itself cam be accomplished without access to
computing power. However, this soon ceases to have any meaning
without the related simulation, using the equations of the model.
To do this, access to a 'mainframe' computer with standard high-
level language capability is adequate. The use of interactive
terminals to a mainframe computer will improve the productivity
of staff.

10.2 The needs for additional equipment will depend on the

tasks to be undertaken. ‘'he above equipment will be quite adequate
for large-scale strategic planning simulations. Since nuclear
reactors are already well instrumented, adequate data will already
be available. Some however will be in the form of chart recordings
which will require a digitiser to transform into workable format.
The ability to analyse this data using Fourier Transform methods

or Auto- and Cross-Correllation methods can be achieved either by
the use of specialist hardware or by use of software in a convent-
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ional computer. Equipment to undertake these tasks wlll soon be
available in the simulation laboratory of SIPAI.

10.3 Instrumentation in the petrcleum refining and petrochem-
icals industries is generally less comprehensive; If work is
undertaken in this area, it may prove necessary to purchase
chemical analytical instruments and sensors for measuring the
compositions of vapour and liquid streams. High.temperature
sensors may also be necessary, together with 'non-invasive'
flowmeters. Collection of data from these instruments will
require interfacing to a microprocessor, and data storage for
subsequent off-line processing in the simulation laboratory.
Consideration should be given to housing the above equipment in
a mobile laboratory, which could then be moved from plant to
plant, as required. Specialist analytical chemists would be
required to operate the equipment.

10.4 Similar remarks apply to other industrial areas, which
are generally poorly instrumented, compared with the nuclear
industry, even in developed countries. The problem is made more
difficult in the biological industries, since biological samples
must be analysed quickly, before further natural changes take
Flace.

10.5 Much very good work can be undertaken using normal factory
records, but the techniques used to deal with uncertainty in
factory data will result in the need for additional trained

human resource, and will slow up investigations. Investment in
software will therefore be cost effective. Similar remarks apply

to investmernt in software for computer aided design of multi-
variable control schemes.

. Technoleogy Transfer.

1.1 Mention bhas already been made of the way in which technol-
ogy trausfer between Institute and Operating Ministries and their
industries will take place, by secondment of staff. The regular

organisation of conferences and seminars in China will also
asaist this.

11.2 Within the Institute, regular open progress meetings, at
which progress summaries (internal seminars) are presented, should
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become a standard method of technology tramsfer. Movement of
staff within the Institute will also accomplish this.

11.3 The author has found that considerable modelling expertise
in specific areas already exists in some Chinese universities.
Contact, should be maintained with those Universities. More
importantly, a mechanism should be devised whereby key academic
staff in this area could be invited to the Institute to work with
Institute staff on Ihstitute problems, for periods of one or two
months at a time. The institute may even wish to ensure that

such academics are adequately equipped in their own University
Departments to continue their work on Institute problems on their
return to their Departments. This policy has been very successful
in a oumber of U.S. Universities. '

11.4 Mention has already been made of the way in which over-
seas technology can be transferred to China, through the training
of junior and senior staff, augmented by attendance at overseas
conferences.

11.5 The author is very aware that his efforts under the pre-
sent UNIDO contract have resulted in the training of only a
limited number of staff. This nucleus is fragile, in the sense
that the small numbers may become even smaller through natural
wasteage.

11.6 The present exercise should therefore be regarded as a
pilot exercise. Having assessed its worth, it is now recommended
that a similar training exercise be mounted for a larger number
of staff, including those who are to be seconded to the Institute
from Industry. Although a UNIDO expert might be used for the
central aspects of the training, Chinese staff should assist, and
these staff, plus the trainees would then form the nucleus of

the Institute Groups.

1.7 Special consideration needs to be given to the training
of staff in the Strategic Planning area, and the required technol-
ogy transfer there. This bas not been a part of the present UNNIDO
training project. It is therefore recommended that trainees be
identified by the Ministry, and that the services of an expert

in this area be sought. The training format should be similar

to that of the present UNIDO project, namely a set of lectures
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on different aspects of model building and simulation of dynamic
systems, with particular emphasis on strategic planning model
building and simulation. These lectures should be accompanied
by project work on = modelling problem of importance to the
Ministry, for concurrent 'on the job' training. The length of
such a training period could be around two months, provided that

the problem chosen had adequate data available, and could there
fore be tackled in this period. :

12. Cost Projections.

121 At the present time, only ‘order of magnitude' cost
estimates are possible. If all twelve groups suggested in
paragraph 7.5 were ultimately to be set up, and each group
consisted of an average of 8 graduates, then a graduate staff of
96 would be involved, at least half of whom would be or second-
ment from their Ministries or Industries. Graduates with a
specific expertise, servicing these Groups might total a
further 12. The strategic planning Group might consist of a
further 20 graduates, some of whom would be on secondment from
Ministries and Industries. There would also be about 12 part-
time 'visiting workers', as mentioned in paragraph 11.3 .

2.2 A graduate staff of 130 might require a furiher 70 support
staff, making an Irstitute of 200 persons, requiring a floor
area of 5,500 m2 « At current costs, this would imply an annual
Institute budget of ¥ 1.2M. The cost of the building
would be ¥ 2.2 M and the capital cost of simulation hardware
and software, data analysis equipment and chemical analytical
equipment could be ¥ 1.5 M, which could be purchased over a
number of years. Ultimately, the Institute may justify -having
its own mainframe computer, which would incur additional expend-
iture, but this should not be necessary in the short term.

12.3 The salaries for those members of staff seconded by their
own Ministries and Industries would be paid by those Ministries
and Industries, together with appropriate Institution overheads.

12.4 Charges made for services should reflect both direct
salaries costs and Institution overheads, although this may be
difficult to achieve in the short term.
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13. Conclusions.

13.1 Mathematical modelling and computer simulation are
important areas for the promotiom of safe, efficient and cost-
effective expansion of China's industrial base. The contributions
these subjects make will assist automation and automatic control,
together with process and process operational improvements,las
well as in industrial 'strategic planning' exercises. '

13.2 In all of these areas, the financial benefits will be
grossly in excess of the costs of the studies.

13.3 Because of the need for an initial sound base in a related
and supportive environment, it is likely that the new Institute
could emerge from the present base in SIPAI. In the longer term,
it may be desirable to set the Institute up as a separate entity.

13.4 The work of the Institute will be to service the Ministry
of Machine Building Industry and those operational Ministries
which rely on that Ministry for assistance in instrumentation,
automatic control, process technology and strategic planning.

1345 The lines of communication between the Ministry and the
Institute need to be carefully considered, and the organisation
within the Institute must reflect this.

13.6 Training of staff is identified as the main constraint
in expanding this activity to the size where it can make an
effective contribution to China's industrial development. This
training will ultimately be of profound significance in the
efficient technological management of China's key industries,
through staff and technology tramsfer.
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