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Planning of Optimum Production From a Natural Gas 'Field

. -

N

gt By J. VAN DAM
(Bataafse Internationale Petroleum Maatschappij NV, The Ilague)

SUMMARY

‘The design of an optimum development plan for a natural gas field always depends on the typical characteristics
of the producing field, as well as those of the market to be served by this field. Therefore, a good knowledge of
the field parameters, such as the total natural gas reserves, the well productivity, and the dependence of production
rates on pipeline pressure and depletion of natural gas reserves, is required prior to designing the development #
scheme of the field, whieh in fact dcpends ou'the gas-sales contract to be concluded in order o commit the natural

gas reserves to the market,

In the present paper these various technical parameters are discussed in some detail, 2nd on this basis a theoreti-
cal/eccnomical analysis of natural gas production is given. For this purpose a simplified economical/mathematical
model for the ficld is proposed, from which optimum production rates at various futurc dates can be calculated.
The results of these calculations are represented in 2 dimensionless diagram which may serve as an.aid in designing
optimumn development plans for a natural gas field. The use of these graphs is illustrated in a few examples..

INTRODUCTION

THE present paper gives a survey of steps to be taken
in analysing « natural gas discovery, and to arrive at an
optimum preduction and development programme for
such a field. ,

There is 2 great difference betwien gas and oil
production, not only beczuse of the diffeient physical
characteristics. of gas and oil, but al for purely cconomic
reasons. Produocticn from an oilficld can be according
to an optimum develspment and depletion pattern,
based on its own merits, hut a gas reservair is always
directly linked t3 a matket by means of 2 pipeline;
therefure the physizal characicristics of the reservoir
canrot abways determine the best depletion pattern
because the market must be able to accent the gag.
Thus, for a gas field a very dose interrelationship
exists between the production and marketing phases,

Another big difference s that an oilfield can be
developed gradualiy. Production of oil begins at an
exrly stage of field development ard additional informa-
tion about the oil reservoir is obtainad duriny this stage.
Tthe optimum tield develobment pattern is finally
decided several years after the ficld begins to produce
zad this decision is then based on a detailed knowledge
of the reservoir. In the caze of a gas ficld, howsever, it is
not possible 1o stait production until the pas-sales
contract has been signed and therefore the basic para-
meters required to determine the optimum developmeat

pattern of the field will have to be known before the -

ficld development Las begun. It is, of course, not
possible to cbtain as detailed a knowledge of these
parameters as it is in the case of ciifield developraeut
and therefore tne planning of the gas fald development
pattern in connection with a gas-sals contract is liahle
to muny uacestinties. In the folowing sections the
various steps leading to the determination of optionum

gas field development are necessarily over-simplified
in order to avoid undue complication. The uncertainty
inherent in the estimation of the various parameters
required to make such a stepwise analysis must be borne
in mind when judging the risks of the venturc.

RESERVES

Gas in Place. Fig 1 is a simplifiet map of iypothetical
gas field in which the contour lines indicate places of
equal depth at the top of the reservoir. The only thing
definitcly known about 2 gas field when it is first dis-
covered is 2 selsmic map which, as shown in Fiz 1,
gives the various contour lincs on the top of the forma-
tion and the true depth of the formation in the first

NATURAL GAS it PLACE

Gas~Water Contact
16 1.
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56 VAN DAM: PLANNING OF OPTIMUM PRODUCTION FROM A NATURAL GAS FIELD

discovery well. In order to build up a better picture of
the structure it is necessary to drill a number of appraisal

* wells; the actual number needed depends on the quality

of the seismic evaluation.

Next, from such a map, the amount of gas in place
must be estimated and this necessitates measuring the
total gross volume of rock that is gas-bearing. One has
also to measure the porosity of the formation, which is

. that proportion of the rock containing pores filled with

reservoir fluids, and the fraction of this which contains
water (ie. the water saturation) since the remainder
will -contain gas. The porosity can be measured in the
formation by coring and logging in the wells which
have been drilled, but as these of course represent only
a very small proportion of the total rock volume, and
since the data obtained from this small area are being
applied to the total probable area of the field it is clear
that there is considerable room for inaccuracies. The
total amount of gas in place can now be calculated by
muitiplying the gross volume of rock by the porosity
and the gas saturation (which equals one minus the
water saturation). The product of these three values
gives the gas volume at reservoir conditions, ie. at
reservoir pressure and temperature. This volume must
be converted at standard conditions. This calculation
is shown in the equation in Fig 1, in which the symbol
“E” is ti:c ratio between the gas volume under standard
atmospheric conditions and the volume occupied by
the same amount of gas in the reservoir where the
pressure is much higher. This so-called “gas expansion
factor” could be calculated using Boyle’s law if the gas
were an ideal gas, ie. “E” would cqual the reservoir
pressure divided by the standard atmospheric pressure,
multiplied by the atmospheric temperature divided by
the reservoir temperature. In fact, since the gas is not
an “ideal” gas, the result has to be qualified by a gas
compressibility factor “Z”, which is normally smaller
thar 1, and which is a function of the pressure which is
not the same throughout the life of the reservoir. Once
the gas composition is known, the dependence of “Z”
on pressure and temperature can be determined or,
even better, accurately measured on a sample of the
gas, and hence all the basic information for determining
the gas in place will then be available. This, however,
does not represent the amount of gas that can be econo-
mically recovered. For this purpose the recovery factor
must be known, 7.e. that fraction of the gas in place
which is recoverable under normal economic operating
conditions. To assess the value of the recovery factor
it is necessary to have an understanding of the producing
performance of the reservoir.

Reservoir Performance. Fig 2 illustrates the factors
affecting gas recovery. If the reservoir is a closed unit,
t.e. not underlain by water, it is known as a depletion
reservoir, and as gas is produced the pressure will
drop, as indicated on the line marked “depletion”. (If
the gas were an “ideal” gas this line would be straight).

Recovery of gas is possible from such a ficld up to a .

certain’ abandonment pressure. This is the lowest

pressure at which gas can still be produced from the
wells at a rate sufficiently high to cover the operating
costs. The point at which the line representing the
abandonment pressure crosses the depletion line indi- °
cates the ultimate economic gas recovery, which in this
case is between 8o per cent and go per cent of the gas’
in place. This is an average figure for a depletion-type
reservoir. ‘

In actual fact, the majority of gas fields are undérlain
by water and as the gas pressure in the field begins to
drop, water will start to flow and enter the gas reservoir,
and this so-called water encroachment will then main-
tain the reservoir pressure to a greater or lesser extent.
This water encroachment mechanism is called “produc- -
tion by water drive”. Fig 2 indicates three types of
water drive: weak, moderate, and strong,

NATURAL GAS RECOVERY
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It is here that an important difference between gas
and oil reservoirs arises. In the case of oil reservoirs
the water drive fields usually have much higher ic-
covery factors than depletion type ficlds; as far as gas
reservoirs are concerned, frequenily the reverse is the
case. The reason for this lies in the fact that the water
encroaching into a gas field does not displace all the gas.
An appreciable amount of the gas is trapped by capillary
forces in the pores of the rock and is by-passed and left
behind. This gas is known as residual gas and, expressed
as a percentage of the original pora volume filled with
gas, is in practice anything from 4..per cent to 20 per
cent. Iig 2 indicates that for a strong v.~*er drive, where
pressuic is maintained at its initial value, it is impossible
to recov r more than 6o per cent of the gas in place if
residual yas saturation is as high as 4o per cent. This
compares with 8o per cent to go per cent ultimate
recovery in the case of a depletion field. If the water
drive decreases in strength, the ultimate recovery will
be higher and it is in fact even possible that with a very
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weak water drive ultimate recovery may be _sliehtly, -

higher than in the case of depletion. e
The strength of the water drive depends principally
on three factors, First, on the permeability of the
formation: this is the ability of the formation to allow
flow of fluids through . Through formations with
high permeability, the flow of gav is relatively easy and
occurs at low pressure drops, whilst through low per-
~ meability formations even high pressure drops will
result in low flow rates of gas. The same applies for
water: the lower the permeability, the less chance there
is of a strong water drive occurring. Secondly, the
strength of the water drive depends on the size of the
reservoir. The larger the reservoir the weaker the water
drive is likely to be. This is because, quite simply, the
volume of water needed to maintain pressure is depend-
ent on the area of the field, which, likened to a circle,
. Is, in simplified terms, proportional to the radius of the
- ficld squared. The circumference of such a field through
which all water fluid must pass is, however, directly
proportional to the radius. Consequently, the amount
of water influx in a given period of time and for a given
pressure drop is roughly proportional to the radius,
but the amount of water required to maintain the
reservoir pressure at the given level during this period
of time, expressed as a fraction of the volume of the
reservoir, will be proportional to the inverse of the
radius squared. Combining the two effects, one might
say that the relative strength of the water drive is
roughly proportional to the inverse of the radius, and
consequently, for comparable conditions, is relatively
weaker for larger-sized fields. Thirdly, there is the
time factor. ' takes time for the water to flow into the
reservoir. If a high rate of production is being main-
tained from the ficld, a high amount of influx is required
during a short time period, and consequently the water
drive may be weak, whereas the sama ficld with a low
rate of production may have a strong water drive.
Summarizing, the reservoir engineer has to estimate
the likely depleticn pattern of the field; he has to know
how permeable the rock is: he has to assess which other
factors will be of importance, what the expected reser-
voir drive will be, and also the amount of gas which
- will be left behind if there is water encroachment. He
+ is then in a position 10 make an estimate of the recovery
percentage; this, multiplied by the gas in place, will
give him an estimate of the £as reserves,

GAS WELL PERFORMANCE

The Problem. We now come to the problem of actually
producing the gas in the formation. How many wells
are needed; when should they be drilled; how much
should be produced from any one well? To assess this,
1 number of tests have to be
fically production tests in the first discovery well, the
results of which will be supplemented by further tests
~in the appraisal wells at a later date, Fig 3 is a simple

.diagrammatic representation of actual gas flow from the
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carried out, more speci- .
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reservoir. The gas stored in the reservoir must of course
flow through the formation to the well bore, this process
being called the inflow performance of the gas well.
It then has to flow upwards through the well tubing to
the surface. During this phase of the production two
factors are important, first, the friction loss experienced
in the well tubing and the resultant pressure drop, and
secondly, the amount of suspenced water present. Even
in the case of a well producing hardly any water at all,
an accumulation of water in the well tubing will build
up in time, depending on the production rare. This will
lead to an increased overall density of the flowing gas
with- a consequent higher hydrostatic pressure drop.
This phenomenon is known as “liquid hold-up” and is
particularly important at low flow rates. Finally, after
leaving the well-head, the gas will have to be dehydrated
and treated to pipeline quality before delivery. Under
special circumstances, when reservoir pressures will
have dropped to low vaiues, compression of the gas
may also be required before delivery into the pipeline,

Production Test. F ig 4 indicates in principle the various
phases of a production test. First, the static pressure
ps of the discovery well is measured; then gas is pro-
duced from the well at a number of different rates—-
three are shown in this figure, and the pressure draw-
down, i.e. the flowing pressure 2r, is measured during
these tests. Finally, the well is shut in to determine
whether the pressure builds up again to the original
static reservoir pressure p;. If the well bore pressure
does not build up to its original value, it is clear that the

reservoir is very small indeed. The shape cf the curves

in Fig 4 and their end points are very important for
future estimations since they permit calculation of the
permeability of the formation. The level of the end
points indicates whether the gas can flow unhindered
into the well bore or whether there is completion
damage, and whether the effect of non-Darcy flow
(explained later) is important or not. o
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PRODUCTION TEST In theory the flow of oil of gas in a formation obeys

Darcy’s law, which states that the bressure drop over

, a given distance is proportional to the flow rate of the
- fluid considered. This is true for oil but not always for

Static Build up gas, because Darc.y’s law ignores the forces of inertia.

L,--:,. Drawdown Leerreteaes ~ This law (strictly) is valid only in cases where the flowing

e » < liquid or gas has no mass at all and in actual practice.

' B only for low flow rates. In the case of high flow rates,

_ ' N o however, inertia has an appreciable effect. These con-

P 3 ditions are frequently met under norma! ‘conditions of

Producing | _ == Production gas production and are not often encountered under oil
Pr ‘-"5“: el A ] Rate production conditions., This may be explained by the
: J’ i t . following considerations, According to Darcy’s law, the

"" - I | rate of flow through a porous feservoir is directly
Pl 'R | proportional to the pressure drop over a certain distance,

—> Time and inversely proportional to the viscosity of the flowing

Fia 4. liquid or gas. The proportionality constant in this

equation is the formation permeability referred to above.,
The viscosity of gas at reservoir conditions is about 1 /50
that of light oil, Consequently, all other conditions
being the same, gas flow rates may be about 5o times
higher than oil flow rates, The effect of inertia is,
however, not only proportional to the flow rate but also
to the density of the Howing fluid, and as oil densities
under reservoir conditions may be about four times
higher than the gas density, the resuiting mass flow
rate of gas is about ten times larger in magaitude than
the mass flow rate of oil. This explains why, in .
proc.ction practice, deviations irom Darey’s law .-
to the inertia effect are more frequently encountered
than in oil production practice. Frera this it will be
apparent that the mass flow effect in gus fields is gener-
ally much more important than in oilfields, and it is in
fact this mass flow effect which causes the fow per-
formance line indicated in Fig 5 to deviate from a
straight line drawn through the observed points.
Analysis of the well Production test will indicate the
importance of this effect.

Inflow Performance. The results of an analysis of
such a production test are shown in Fig 5, which is an
inflow performance graph. This figurc indicates the
“drawdown squared”, which is the difference between
the static reservoir pressure p; squated and the flowing
pressure pr squared at the bottom of the well. Normally
a straight line is drawn through the points measured
and this is then called the inflow performance relation-
ship. Any point on this line relates the production rate
to the “drawdown squared”, the maximum value of
which is equal to the static reservoir pressure squared.
The production rate cbtained at this maximum value
is called the “open flow potential”, This value is fre-
quently used in the U.S.A. in connection with gas
regulation, although the opea flow potential does not
correspond to the actual production rate that can be
achieved. In practice the maximum production rate is
likely to be less than the oren flow potential, as indicated
by the unbroken curve in Fig 5. How is this difference
explained? '

Well Spacing, Fig 5 indicates the results of a 3-hr
flow test. This is the yell inflow performance if the
length of the production period is 3 hr, but in 3 hr the

- pressure drop will not have been propagated throughout
+

INFLOW PERFORMANCE

10 r———'- the reservoir. The gas produced during the 3-hr test

r a ( originates from that portion of the reservoir which is
K- e ———— >*p] close to the well bore, whilst after producing for a
"Squared L~ } longer period gas will have to be drawn from an area
drawdown” 7 "OPEN FLOW of the reservoir further away. Consequently, larger

pressure drops vill then be required in order to obtain
the same rate of flow, If the well were ieft on production
for a longer period, its performunce would be less
favourable. It is necessary therefore to correct the
“3-hr inflow performance” to -a so-called “stabilized
inflow performance”, Which is itself also dependent on

T 10°

B 100 the number of wells whic:. -will have to be drilled in
—> Producticn Rate Q the reservoir and also on wel] spacing.

@ MEASURED Fig 6 indicates how a gas field might be developed,

Fic 5. in particular an offshore g2s field. In the large Slochteren
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FIELD DEVELOPMENT

Deviated Clusters ~_____ -

~

" Plg7isa diagrammatic representation of the two

forms of cluster development. It is technically simple
and convenient to drill wells closely together from fixed
platforms, but it does have one disadvantage, The
distance between the wells down-hole is much closer
than if the wells had been evenly spaced over the reser-

from ‘ Platforms-

Cluster
Under water
Completions

FiG 6.

gas field in the Netherlands, the wells are not evenly
spaced over the reservoir but are bunched together,
only some 8o y-: is apart, in so-called “clusters”, This
cluster idea can be developed further for offshore
drilling by drillicg a number of deviated holes from a
fixed platform. Another way of developing such a gas
field would be by drilling wells vertically, more or less
situated on a circle, completing them on the sea-bed,
and laying flow lines from the subsea well heads to a
pipeline platform where the gas produced can be
treated and then sent ashore; this is what is known as
““underwater completion”. Both these methods are forms
- of cluster driiling.

In modern gas field development it i3 increasingly
becoming the practice, especially vihen drilling in deep
water, to abandon appraisal wells because the cost of
completing them and providing them with supporting
structures to prevent the well head from being bent off
by the action of the sea may be more than the cost of
drilling new wells. Apart from this, they may not be in
very favourable positions in the rescrvoir for future
production.

3

FIELD DEVELOPMENT

voir and this can lead to mutual well interference.,
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Fig 8 iilustrates this effect. In the case of the high
permeability formations the wells can be closer together
than in the case of low permeability formations. In the
high permeability case the pressure drop is mainly

around the well bere, and may be mainly due to the

well completion effect (so-called skin effect) and the

- influence of inertia effects as discussed above (in gas

production practice also frequently referred to as
“turbulent flow effect”) which are most pronounced in
the vicinity of the well bore. The latter two effects can
be very important in deciding how close together the
wells can be. Formulae have been designed to estimate

o
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the interference between wells in a cluster from measured
values of permeability, turbulence, and skin effect.
From this it is possible to assess the well inflow per-
formance for stabilized conditions as shown in Fig 9.

This is basically Fig 8 with one line added to show the

stabilized performance, which is the performance of
the individual wells in the clusters after the developnient
of the field is completed and the field has reached jts
designed maximum production rate. From the two

~curves drawn in Fig g it. may be observed that the

difference in squared drawdown between the two curves
is relatively smaller at the high production end than the
low, and this is due to the turbulence effect, which is
most pronounced at high flow ratés. The more there is
this deviation from Darcy’s law, the less serious is the
effect of the mutual interference between the wells.
I'rom the example given in Fig g it may now be observed
that the open flow potential of the well does not cor-
respond to the maximum production that could be
achieved from a gas well in the field after development
has been completed. First, the influence of the turbulent
flow effect will in this particular case reduce the potential
to some 40 per cent of the open flow potential, and a
further 20 per cent reduction is caused by well inter-
ference in the clusters at the time the field development
is completed. Moreover, the flow rate obtained at well
flowing pressures equal to atmospheric pressure cannot
be obtained in practice. ‘

A further reduction of well flow rate is caused by the
so-called vertical flow performance or tubing perform-
ance.

Tubing Performance. The effect of vertical flow
performance is demonstrated in Fig 10. There is a
difference between the well Aowing pressure Pr at the
bottom of the well and the tubing head pressure p; at
the well head that is a function of the production rate.
Normally, the value of the tubing head pressure p; is
dictated by the required inlet pressure of the pipeline.
At various production rates Q values for the flowing
well bore pressure py can be calculated from this re.
quirement, and if the static reservoir pressure p, is
known, the difference between the squares of this
static reservoir pressure and the tflowing well bore
pressure may be calculated. The result of these calcula-
tions is that for a given tubing head pressure Pt and a
given static reservoir pressure p;, a relationship exists
between the production rate Q and the “squared
drawdown”, which is shown in Fig ro.

Fig 10 gives two curves, one for a 3-inch tubing and
the other for a s-inch tubing. Two points should be
noted here. For low production rates, as shown on the
left-hand side of the graph, there is hardly any difference
between the two performance curves, because there is
virtually no friction, and in fact the tubing sizes are
probably too large for such low rates of fow. For high
production rates at the other end of the scale it is,
however, clear that beyond 2 certain production rate,

N

TUBING PERFORMANCE s
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dependent on the tubing size, an increase in “squared
drawdown” does not improve the production rate.
The tubing acts virtually as a choke nipple at these
rates and has reached maximum flow conditions. The
maximum possible production rate for 5-inch tubing is
of course larger than for 3-inch tubing. -
In order to determine the effect of the tubing per-
formance on the performanc: of the well, the lines sho: =
n Fig vo should be superimposed on th- inflow
formance graphs in Fig 9. ‘ s

Well Performance. The well performance obtained
by superimposition of inflow performance and tubing
performance as shown in Figs ¢ and 10 respectively is
given in Fig 11. The intersection of the inflow per-
formance curve and the tubing performance curve
determines the well production rate at the given condi-
tions. These conditions are static reservoir pressure,
type of well inflow performance, tubing size, and re-
quired tubing head pressure. It may be observed that,
for the example given, the maximum production rate

WELL PERFORMANCE
INFLOW AND TUBING COMBINED

4

10 1
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B - P WELL
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obtained from the well after a 3-hr production test is
practically the same as that predicted for stabilized
conditions. This is of course a coincidence which is
caused by the fact that the well might have been tested
using a 3-inch tubing and may eventually be completed
with a larger s-inch tubing. The loss incurred by the
stabilized inflow performance with respect to the j-hr
test inflow performance will then be compensated by
the increase due to the larger tubing size. The flow
rates indicated in Fig 11 are valid for one value of the
static reservoir p.essure only, and for a given tubing size
and a fixed tubing head pressure b It is possible to
calculate a number of tubing performance curves as
shown in Fig 10, each valid for a distinet value of the
static reservoir pressure p,, and to superimpose the set
of curves thus obtained on the stabilized inflow per-
formance curve shown in Fig 9. The result of this js
shown in Fig 12, which indicates the reservoir deliver-
ability throughout the future reservoir life, The repre-
sentation is in fact an over-simplification because other
factors, not discussed here, will also play a-role. When
reservoir pressure drops, gas viscosity will increase and
gas condensate may collect in the formation around the
well bore. The combination of these effects may cause

a deterioration of the inflow performance which is not-

shown in Fig 12. The intersections of the well inflow
performance line in Fig 12 with the various tubing

RESERVOIR DELIVERABILITY
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performance lines yield a relationship between well
production rate Q and static reservoir pressure pg.
With the help of the appropriate reservoir performance
curve given in Fig 2, the latter may be related to the
amount of gas produced from the reservoir, It is thus
possible to climinate the static reservoir pressure pg
from those two relationships and directly plot the well
production rate Q as a function of the amount of gas

produced from the reservoir (expressed as a fraction of

the gas in place). This is shown in Fig 13. In this figure
three well performance lines are indicated: for a high,
a medium, and a low tubing head pressure respectively.

-
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Each of these lines may be obtained from plots as shown
in.Fig 12 but of course drawn for different values of
the tubing head pressure 2:- The resulting performance
relationship as shown in Fig 13 is used to select future

RESERVOIR DELIVERABILITY
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field operating conditions, A high or a low tubing head
pressure can be chosen.
because it may be necessary to deliver gas a long distance
through the pipeline to a buyer who requires the gas
at a specific pressure. The level of the tubing head

pressure with respect to the pipeline pressure moregver .

has an important influence on the selection of the most

economical dehydration process. However, it must be *

appreciated that whatever the level of tubing head
pressure chosen, a well can only be maintained for a

limited period at its maximum rate O, after which it -

will be necessary either to reduce the tubing head pres-
sure and install compressors, or drill more wells to
maintain a constant field deliverability. Nevertheless, in
order to achieve a high gas recovery factor, a low tubing
head pressure will eventually be needed and comnpressors
will have to be installed. It is possible, of course, to
postpone the time when compression is needed by
accepting a lower maximum well production rate and

drilling more wells. As may be observed from Fig 13, .

a lower value for the O will allow a larger fraction of
the gas in place to be produced at high tubing head
pressurcs and permit postponement of compressor
installation. This choice will also be influenced by
future expectations of well inflow performance. The
well tested is not nccessarily situated in the best or
worst part of the reservoir and it may be proved during
subsequent tests in appraisal wells that the inflow
performance of the discovery well was not representative
for the reservoir. This is demonstrated in F ig 14, where,
at a given tubing head pressure, well performances are
shown for low, medium, and high productivity weils.
Of course, lowering the design production rate Q,, for
a high productivity well will hardly result in any signi-

This choice is significant.

AT e e
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RESERVOIR DELIVERABILITY
INFLOW PERFORMANCE
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ficant postponement of compressor installation, whilst
for the low productivity well, lower well potentials may
have a significant effect. It is the task of the reservoir
engineer, who will formulate plans for the future

- development of the field, to choose between the various

alternatives indicated, in order to arrive at an acceptable
gas field performance pattern. Apart from the technical
aspects, this is also an economic problem, which will be
dealt with in the foliowing sections.

GAS FIELD PERFORMANCE

Offtake Pattern. The offtake pattern of a gas field is
limited by two constraints. In the first place, the offtake
should be such that the market can absorb the gas
produced, and this will normally lead to a restriction
of the rate at which production can be built up. The

. maximum rate of offtake may be restricted by the

length of time during which a certain field is required
to serve a given market. On the other hand, the rate of
build-up may be restricted by the physical capabilities
of drilling wells and constructing facilities to transport
the gas from well-head to pipeline. The maximum
offtake rate of the field may also be limited by gas field
economic considerations.

In the following section this latter economic optimum,
maximum production rate will be determined regardless
of market conditions. In actual practice the maximum
offtake rate for the market should be less but never
more than this field optimum offtake rate. In order to
simplify the economic analysis, first an arbitrarily
chosen offtake pattern for the field will be studied. This
is shown in Fig 15, where the production pattern con-
sists of three parts: a period of production build-up;
a period of constant production; and a period of pro-
duction decline. The field development associated with
such a production pattern can be determined by using
reservoir deliverability graphs as shown in Fig 13. At
each point in time the total amount of gas produced
since the beginning of production can be determined
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from the chosen production pattern, and at a given
tubing head pressure the corresponding well production
rate obtained from Fig 13. By dividing the total field
production rate by the corresponding well production
rate, the number of wells required at any selected point
of time will be obtained. In doing this, account should
be taken of the peak production rate that may be
required at any time and which is rormally higher
than the annual average daily prochuction rate indicated
on the graph. The resulting nuiaber of wells required
is indicated in Fig 15 for three values of the tubing
head pressure. To obtain the selected field production
pattern, the example shown in Fig 15 indicates a period
of drilling during the build-up of the field, followed by
a period of production at constant rate without further
drilling, after which additional wells are drilled to
maintain total field output at the same level whilst
still producing the wells at high tubing head pressures
The drilling of additional wells cannot continue in-
definitely, as the number of wells required to maintain
field potential under these conditions becomes prohibi-
tive at a given time. Thereafter, ficld potential can only
be maintained by lowering the tubing head pressures
and subsequently installing gas compressors. This so-
called “‘compressor phase” will then continue until
well-head pressures fall below that which is an efficient
and economic compressor intake pressure, and this
mark; the beginning of the decline peried of the field.

In some instances a different procedure inay be
followed and this is shown in Fig 6. Here wells arc
drilled during the build-np period, and this is followed
by a pe ‘od of constant rate without drunng additional
wells as before. Instead of maintaining the tubing head
pressure .* a high value and drilling additional wells
to maintain field potential, it is now preferred to first
lower tubing head pressures and install gas compressors
and then drill additional wells to maintain field potential
till the start of the production decline period. An
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important feature that may be observed from both
Figs 15 and 16 is that at the time production decline
starts, the cumulative amount of gas produced up to
that time is the same and consequently, as may be
observed from Fig 13, at the given minimum tubing
head pressure individual well production rates will be
the same. This leads to the same number of wells being
required in both cases and consequently at the end of the
constant rate period both fields will be similar. The
difference between the gas field performance shown in
Fig 15 and in Fig 16 is only the way in which one arrives
at this end point and consequently the phesing of the
various expenditure items, but not in the total amount
of facilities built and wells drilled. The total amount
of capital expenditure required in the given examples
depends only on the maximum level of field production
and not on the particular development pattern selected
to maintain this level. As the phasing of capital expendi-
ture is different in both examples given, this means
that the economic results will not be the same if the
interest on capital is taken intc account. In the following
sections it will be studied whether there is an optisyum
manner to arrive at this end point, and at what maximum
production rate such an optimum is reached.

Basic Production Pattern. In this section, the econo-
mic result of future gas production is calculated on the
basis of a production pattern for a gas field in which
no further drilling will take place; in other words, at a
point of time at the end of the build-up period shown in
Fig 16, and excluding the drilling period which follows
the compressor period in this case. From the previous

sections it may be understood that in a2 gas field where’

a number of wells (N,) have been drilled, the future
production performance will consist of a period of
constant rate, during which well potentials exceed. the
~maximum permissible rate, followed by a period during
which compressors are installed to maintain offtake
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rates at a constant level, compensating for the effect
of decreasing well-head pressures, and finally by a
period of declining production. A diagrammatic repre-
sentation of such future performance is given in Fig 17,
where a particular system of units has been used to
represent the values of production rate on the vertical
axis and cumulative gas production on the horizontal
axis. On the horizontal scale of this figure, cumulative
gas recoveries have been plotted, but they are expressed
in a unit of gas production G, which represents the
total amount of gas that will be recovered from the
start of the decline period until the economic limit of
the ficld is reached, i.e. the total amount of gas that will
be produced during the decline period when the wells
are produced at minimum tubing head pressure. As a
consequence it will be seen that the total amount of
_gas produced during the decline period expressed in
this unit equals one. On the vertical axis the total field
production rate js represented, and this is again ex-
pressed as a fraction, f,, obtained by dividing the totai
annual rate of production ¢, by the amount of gas
recovered during the decline period G,. The total
annual rate of production g, is of course obtained by
multiplying the number of wells NV, and the maximum
production rate per well Og*. Studying the gruph one
observes that from the present onwards, future preduc-
tion is characterized by a maximum production rate g,
to be maintained until a total amount of gas equal to
a Gy (in the particular example 1-2 X G,) has been
produced, whereafter a gradual installation of compres-
sors will take place untif.a further amount of gas equal
to B G, (in the particular example the o075 X G,) will

" have been produced, following a total amount of gas

* The maximum annual production rate O, of a well is
here expressed as the maximum that can be produced during
a year under existing load conditions and meeting the peak
rates whenever required. It is therefore equivalent to the
maximum rate of the well Qm, times the load factor expressed
in number of days maximum production per annum.
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equal to G, is produced during the decline period. Of
course, any future points in time may be characterized
in mathematical language by choosing either a value of
the parameter o between zero and 1-2, a value of the
parameter B between zero and 075, or a value of the
parameter y between zero and i. The paramictar  if 2

measure of the total amount of gas that still has to be .

produced until the end of the field’s economic life,
at zny point in time during the decline period.

With the help of this particular system of units,
which are in fact dimensionless, the future life of any
particular gas field may be represented mathematically.
In order to express the future economic value of gas
production, this system of units may be used as explained
in the next section.

Present Value Calculation. The economic value of

future gas production can be expressed in terms of

money by calculating its so-called “present value”.
The present value of an amount of money to be received
at some future date is defined by the amount of money
placed 2t compound interest today, which will increase
to that same amount of meney at that future date.
From this definition it is clear that the present value of
an amount of money to be reccived in the future is
always less (if the interest rate is larger than zero, of
course) than the future amount to be received. One
can calculate the present value of the future amount to
be received by multiplying it by a so-called “deferment
factor”. Such deferment factors can be obtained from
tabulations at various interest rates. In Fig 183, first line,
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the “‘present value production’ has been calculated for
the basic production pattern shown in Fig 17. The total
annual production rate No Qo has been multiplied by
scme monetary value u, the significance of which will
be explained later, and the sum of three deferment
fictors D1, D, and Ds, valid for the total production

astained during the corstant rate period, the compressor

e xS -

— . P

period, and the decline period respectively. ‘The value
of u is called the cash generation per unit of gas sold.

This unit cash generation is obtained by subtracting ™
from the unit sales price of the gas Sy, the unit operating
costs C,, the unit royalty R, and the corporate taxes.
The latter are obtained, for example, by applying the
‘tax fraction £, to the result cbtained by subtracting from
the unit sales price Sp, the unit operating costs Co, the
unit capital allowance Cq, and the unit royalty R. This
is demonstrated on the third line of Fig 18. The present
value of future profits obtained from the gas production
can now be calculated by subtracting from present value
future gas production Q¥, inter alia the total amount of
capital investment required to drill N, wells. The capital
investment per well, Vi, is defined by the costs required
to drill a well and to construct the production facilities
required to transport the gas produced from that
individual well to the pipeline. One must also subtract
from Q¥ the present value of future compressor invest-
ments necessary to compress the total amount of gas
produced from the field from minimum tubing-head
pressure to pipeling pressure. This is obtained by
multiplying the number of wells N, by the compressor
investment Ve required to compress 1he amount of gas
produced by a single well and by the deferment factor
D»' valid during the compressor period. The result of
this calculation is shown mathematically in line 2 of
Fig 18. -

From this iormula it may be deduced that the present
value profit of P* is proportional to the number of wells
N, but this is not cntircly true, since the values of the
deferment factors Dy, Ds, Dy, and Dg and the present
value production O* also depend on the number of
wells N,. This is because a larger number of wells
will lead to more rapid deplction of the reserves and
this in turn will result in increased values of the defer-
ment factors and also in an increased value of O*. The
relationship between the present value production O*,
the deferment factors Dy, Da, Dy, and D3 and N, can
be calculated and expressed mathematically, but is not
given here.

OPTIMUM OFFTAKE PATTERNS

Optimization. The optimum production rate of a gas
deld will be reached if any further increase in the pro-
duction rate by increasing the number of wells will no
longer contribute to an increase in presens yalue profit.
This may be cxpressed mathematically by putting the
differential coefficient of the present value profit P*
with respect to the number of wells Np equal to zero.
The corresponding mathematical expression is given in
the third line of Fig 18.

The mathemetical procedure to develop this expres-
sion and to arrive at the required result is not given
here. From the mathematical treatment it appears that
the optimum dimensionless production rate fo (¢f Fig 17)
which might be reached at any given future point in
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time, depends on the values of the parameters o, B,
and y and further on the value of two economic para-
meters, S, and J,. The value of the parameter s, is the
most significant. It is obtained as shown in the fourth
line of Fig 18 by dividing the annual cash generation
of an individual well (f.e. the unii cash generation u
multiplied by the maximum annual production Q,) by
the individual well investment V. The value of the
other parameter I, expresses the ratio between the
compressor investment V, and the well investment V.

Optimus» Rate Calculations. The results of the
optimum rcte calculations for various values of the
parameter So, and valid only for the particular produc-
tion pattern given in Fig 17, are given in Fig 19. In
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this figure dimensionless annual field production rates,
Jo, are plotted vertically, against the future cumulative
gas production horizontally, using the particular system
of units explained above in the context of Fig 17. To
illustrate the use of this graph, an example is given of
an unecconomic offtake pattern, represented by the
broken line in Fig 19, and its modification to an economic
offtake pattern represented by the continucus line. On
the graph, a number of basic curves may be observed,
marked by various parameter values s,. These curves
represent the mathematical relationship between opti-
muin rate fo and the parameters «, 8, and y for the
selected 5, value. At any future point in time, charac-
terized by the pertinent values of the parameters «, 8,
or v, this line indicates the maximum economic rate of
the field that may be obtained by drilling additional
wells. The condition dP*/dN, =0 is satisfied for

production rates indicated by this line, and this means
that eny further drifling will result in a Jdecroase of

present value profit, and consequently in a return on
the additional investment, which is smaller than the
basic intcrest rate applied for the present value caleidla-
“tions. In the particular example given in Fig 19, the
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ultimate recovery of the field, or in other words the gas
reserves at the start of production, equals |

(15 + 04 + 1°0) Go.

£

This point in time can be characterized mathematically
by the value a = 1-5. During the period of production
build-up (¢f Figs 15 and 16) the production rates will
increase with time and consequently with cumulative
production, which results in Fig 19 in decreasing values
of a. The production build-up period is represented in
Fig 19 by the steadily rising continuous graph starting
at the point « = 1-5 on, the horizontal axis. During its
rise, this graph will cross various “s, curves” and at a
certain time will intersect with the curve corresponding
to the pertinent value of s, for the reservoir under study.
In the example given in Fig 19 this value of 5, == & X 0-6.
Any further increase in production rate bevond this
point will result, as discussed above, in a decrease of
present value profit and consequently from this point
onwards production ought to remain constant until the
vertical line characterized by the value 8 = zero (or
v = 1, which is the same) has been reached. Thereafter
production will decline according to a straight line drawn
from the intersection with the line B = zero to a point
B = zero situated on the horizontal axis. The example
given above demonstrates that for any given build-up
pattern, there exists a maximum optimum offtake rate
of the field beyond which further investments would not
yield the minimum rate of return required. A few more
examples of the usc of the “optimum rate basic curves”
are discussed in the next seciion. V

Examples of Optimum Offtake Patterns. In Fig 20
three hypothetical examples of offtake patterns are given
for three particular gas fields. The highest graph demon-
strates the optimum development pattern for a field
having a large fraction of reserves which can be pro-
duced beforc the installation of compressors is necessary.
This field corresponds, for instance, to the high produc-
tivity field shown in Fig 14.

The line representing the production build-up rises
until the parameter value s, =k X 06 i3 reached.
Drilling will ccase at this moment and a period of con-
stant rate production will be obtained, until the hori-
zontal line intersects the vertical line corresponding to
the value « = zero (or 8 = o4, whick is the same).
Thereafter, in order to maintain constant production
rates, the installation of compressors will be required
(compare the production pattern given in Fig 16),
whercafter the field wilF start to decline. It should be

_observed that in this example, in contrast to the example

given in Fig 16, no further drilling will occur after
the luswiludon of compressors. This might be under-
stood by the following reasoning.

During the decline period, .after some decline has
occurred, it may be considered worthwhile to drill one
or more additional wclls to restore the ficld production

(o3
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capacity. This proposal could be analysed economically
in a-manner similar to the principles given previously,

~ with the difference that in this particular case no further

investment in compressors will be necessary, as a total
amount of compressor horsepower sufficient to compress

the maximum annual production rate of the field prior”

to the decline is already installed. This reduced invest-

- ment requirement can be expressed numerically by

reducing the amount of capital investment required to
drill and equip an additional well and which is in fact
represented by the total amount Vi + Ve X Dy’ (see
above). As the value of ¥, can now be put equal to
zero and as the value of Dy’ = 1 in the decline period,
this has the effect of decreasing the capital investment
Vi to a value corresponding to Vy2/(Vyp + V) in the
formula for calculating the parameter value s,. This in
our particular example, if ¥V, = V,, would result in a
limiting s, value of twice the value used before and this
would then correspond to a parameter value of
So=k X 1°2.

For the case of the field with high productivity, this
increased 5, value is crossed by the field performance
line before reaching the beginning of the decline period
and consequently no further economic drilling is pos-
sible beyond this limit. This is not the case for the
medium productivity field shown in Fig 20, where
from the start of production comes first a period of
production build-up whilst drilling, followed by a
continued production build-up, with drilling and
compressor installation, and then a period of constant
rate is maintained by first installing compressors and
secondly drilling additional wells before the field decline
starts. In this particular example the line corresponding
to the parameter value s, = & X 1°2 is intersected’ by
the field performance line after reaching a cumulative
production corresponding to the value f = zero (or,
y =1, which is the same), 7.e. during the so-called
“well decline period”.

OPTIMUM OFFTAKE PATTERNS
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Finally, a very complicated field development pattern .
is shown for a poor productivity field where only véry .
limited production will occur, prior to the period
during which compressors must be installed in order to -
deliver gas to the pipeline. Although the. latter example
is given mainly in order to show the use that can be
made of the basic “optimum rate curves” shown in
Fig 19, it could correspond to a gas field at shallow
depth with low original reservoir pressure.

From Fig 20 it may be observed that a production
pattern for such a field could consist of a peried of
production build-up whilst drilling additional wells,
followed by an additional build-up, whilst concurrently.
drilling wells and installing compressors, followed by a
further production build-up, drilling additional wells to
offset individual well decline and the installing of
additional compressors to increase field -output, until
the line marked by the parameter value s, = k X o1
has been reached. Thereafter production can be kept
constant by drilling additional wells (but not installing
any additional compressors) until the curve correspond-
ing to the parameter value s, =% X 12 has been
reached and only thereafter will Seld decline oceur.

From the examples given above it is clear that,
depending on the economic circumstances, different
optimum development paterns are obtained for dif-
ferent fields and that i+ any particular given field a
careful analysis of the various physical parameters will
be required before such an optimum pattern can-be
formulated.

CONCLUSIONS

In the preceding scctions a summary has been given
of the step-by-step procedure required for analysing
the future performance of a given gas field and formulat-
ing an optimum development pattern for such a field.
The first step in this procedure is to assess as rapidly
as possible the size of the field and the amount of gas
in place contained in the reservoir. Secondly, a prediction
must be made of the future reservoir performance to
determine the amount of gas that will be recovercd
under normal economic circumstances of operation.
Extensive well production tests will then be necessary
to determine future well and field deliverabilities, from
which, by means of economic calculations, likely opti-
mum offtake patterns can be formulated. Of course, as
said before, a gas field is closely linked to a particular
gas market and optimum offtake patterns from the field’s
point of view are not always optimum offtake patterns
from the market’s point of view. It is the task of the gas
producer to conclude a gas-sales contract to serve the
market in such a manner that the resulting offtake
pattern will be as cluse as possible to the field’s optimum.
It is the task of the reservoir eiigineer to indicate a range
of optimum patterns within the limits of his uncertain
knowledge of the ficld’s parameters, shortly after dis-
covery of the field, that will allow the gas marketers to
co~*le such an optimum gas-sales agreement.
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