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Assessment of Natural Heat Loss by the Balance Method

M.P. Hochgtein

Geothermd Ingtitute, University of Auckland, Private Bag, Auckland, New Zealand

Abstract

Natural heet loss from geotherma systems is commonly assessed by
measurements of individua discharge features (surface manifestation
method). Results can be affected by systematic errors due to over-
estimation of surface steam losses and under-estimation of concesaled
outflows. For systems discharging neutra pH chloride waters, such
errors can be detected by the balance method if reliable data for the
equivalent upflow rate of deeper fluids are available (chloride flux
studies). Recently, heat losses have aso been determined by
smulation studies, i.e. modelling of fluid flow in the natural state.

Application of the balance method for the Yangbayain Field (Tibet)
shows that too large values (between 215 and 485 MW) have been
obtained by the surface method whereas the baance method indicates
a total loss of about 90+30 MW, similar to that obtained by an
independent smulation study (about 70 MW). Discrepancies are dso
indicated for the 1951/52 and 1954 surveys of the Tauhara and
Wairakei Fidds (NZ) where the balance method indicates total 1osses
of about 350+70 MW whereas a%gnificently higher vaue (530 MW)
was obtained by the surface method.

Lntroduction
Three different methods have been used to assess the naturd heat
loss of geotherma systems, namely:

1)  integrated assessment of losses from individua
surface discharge features (surface manifestation
method or surface method);

2)  assessment of losses from heat and mass baance
considerations (baance method);

3)  modédling of thereservoir in the naturd and
exploited state (modelling method).

The firs method has been developed in New Zedland and various
suitable techniques have been summarised (i.e. Dawson, 1964;
Dawson and Dickinson, 1970; Allis, 1981). It has been used to
assess losses of mogt high-temperature systems in the Taupo Volcanic
Zone (NZ) and to monitor changes during exploitation. The method
is well suted for Frospects standing in rather flat terrain where hot
fluids rise to shd

outflows can be neglected.

The second method has been used for hot water systems discharging
neutra pH chloride water collected by adraining creek or river; this
methSJd was also developed in New Zedland (Ellis and Wilson,
1955).

The third method has only been used recently to model
simultaneoudy heat and mass transfer in hot water reservairs, both in
the natura and the exploited state. Estimates of natural losses can be
obtained by such smulation (O'Sullivan, 1985).

Assessments by each method can contain errors which are rarely
cited. In the case of the surface method, |osses due to surface steam
discharge (i.e. evaporation, steaming ground, discharge from steam
vents) but also liquid losses can be overestimated as will be shown
later. The balance method can give too low vauesiif deeper outflows
are present whereas the modelling method can contain errors which
are directly proportiona to uncertainties in the average permeability of
themodd.

It is the am of this paper to show that by extending the balance
approach, systematic errors can often be assessed.

ow levels and where heat transfer by concealed

Heat loss Of an intermediate-temperature system under

exploitation (Tangbavain. Tibet)

The natural hegt loss of the Y angbayain field was first determined by
the surface method. A survey in 1975 (Scientific Reconnaissance
Team, University of Beljing, 1976) indicated a loss of about 215
MW, the value was increased to about 485 MW as aresult of |ater
studies (Liao et a; 1980). The systemisfed by an upflow benegth a
high mountain range with hot water movi n%leterdly at about 170°C
into a shallow secondary reservoir beneath a broad valley. This
reservoir is about 250 m thick and consists of partly silicified
Quaternary fluvio-glacial deposits overlying almost impermeable
granit&s It is sedled at the surface and is surrounded by siliceous

eposits. Hot water is only discharged aong a narrow strip of the
Zangbu River, the ank for al thermal water. A schematic diagram of
the natural fluid discharge is shown in Figure 1; cross-sections of the
r(m1985?ir have been given by Liao et d (1980) and Cappetti and Wu

The secondary reservoir has been explored and four pilot plants have
been congtructed between 1979 and 1986 with atotal plant capacity of
13 MWein 1935 i, 1934 ¢ome pressure drop insde the reservoir
was dready noticed (average temperature of produced fluids being
150°C). A reservoir smulaion study in 1985 indicated along term
capecity of about 12 MWe for the explored part of the reservoir. The
smulation showed that a naturd inflow rate of about 100 kg/s is
required to model the secondary reservoir in its natura state (G.
Cappetti, pers. comm.). With reference to amean annua temperature
of 25°C (the fidd lies at 4300 m), this points to natural |osses of
about 70 MW (dmulation method).

Using an analogy approach, dectric power potentials of 155 MWe
(Guo GLégying et a., 1981) and 100 MWe (Lund et ., 1984) have
been predicted based on the earlier heat loss studies. In 1986
edtimates for the eectric potentia were quoted which differed by more
than one order of magnitude. When | visited the fidd in 1986,1 tried
to estimate its natural losses from various surveys made between
1981 and 1982 using dso afew observations made in 1986.
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Fig.l: Heat and massflow components used to assess
natural losses of the Yangbayain Field (Tibet) by the
balance method.
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Table 1: Assessment of mass flowrate of unmixed hot water discharged by the
Yangbayain shallow reservair into the Zangbu River (14.-15.4.1982).

updream  updream  downdream  meen of meen of
Ste creeks Ste wells springs
flowrate (kg/s) 1107 <50 1356 - -
Cl (mg/kg) 2.08 12 354 499 504
HBO,(mg/kg) 0.61 0.3 14.6 233 213

NoterUpstream denotes a site about 19 km upstream from the power house, the
downstream site was about 5 km downstream from the power plant. All
concentrations refer to separation a ambient aamospheric pressure. The flowrate of
the river was measured on  14.4.82; the chemical survey was made on 15.4.82

(datafrom S Donxin et al.,1985).

Asauming that the natural losses did not change between 1981 and
1986, the following loss components are indicated:

@) Conductive losses at the surface Qc, which were about 23 MW
in 1981 (based on aregiona temperature survey at 7 m depth
cited in Yang Qilong, 1981); minor conductive lossesinto the
underlying graniteswill be neglected. (Note: All parameters
with aprime are those determined by surface measurements.)

b) Evaporative losses Qg from warm lakes, hot pools, and minor
steaming ground were about 10-15 MW in 1986; the largest
contribution comes from awarm lake (ancient hydrothermal

eruption crater) with a surface area of 7350 m” and a surface
temperature of 20°C in 1986.

¢) Significant losses are associated with the direct discharge of
tli;ermd water into the Zangbu River (component mezin Figure

Some information about the naturd discharge rate m2 can be obtained
from a chloride and boron flux study of the river made on 15.4.82,
one day after the river flow was mesasured (see Table 1). During both
days atotal of 48 kg/s of hot water was abstracted by a1 MWe pilot
EI ant which used 6.7 kg/s (Q's) of steam and discharged about 41
s of waste (m'i) into the river at the local boiling temperature
85°C). Although no error for the river flow estimate has been
quoted, the dataindicate a maximum vaue for m'i +1112 (* 200 kg/s)
on the 14.4. whereas the chemica dataindicate an input of only about
88.5 kg/s for both components on the 15.4. assuming a constant river
flow during both days.

Introducing the terms AQs ,Ams and AQi ,Ami as error components
associated with near-surface steam (S) and hot water (1) lossesthe
heat and mass baance equations are:

(D) (Qc+QE + AQg + (Hmz + AQi) = Qna
(2 (me + mE + Ams ) + ( my + Ami) = m pqt,

where Qn; and mp, are the total heat and mass flowrates of fluids
respectively . Since the discharged hot water is practically unmixed,
as Indicated by the concentration of non-reactive condtituents in wells
and hot springs (Table 1), it can be assumed thet dl hot chloride water
is discharged a or near the surface at boiling temperature ,i.e.
enthapy H = (356-10) kJkg.It is aso assumed that conductive losses
are maintained mainly by condensation of vapour and that the average
enthapy of steam, discharged directly or by evaporation & the surface
with temperatures between 30 and 85°C, Is about 2600 kJkg. Using
the numerical datalisted previoudy, this gives:

(lb) 52MW + AQs + AQi= Q”.and
(2b) 61 kg/s + Ams + Ami = m 4.

The four unknown parameters are restrained by the condition:
(3) (Qnat/™ nd) = cong.

The congtant in (3) is the mean enthdpy of fluids rising to the surface
in the secondary reservoir which lies within the range of $63010)
kJkg and (720-10) kJKkg; the lower value relates to fluids as
produced from wells, the ug)er one to fluids entering the secondary
reservoir. It isassumed initially that ( Qnat/ Mna) = 620 kJkg.

The unknown parameters in (Ib) and (2b) can be assessed using
limiting values for AQs or Ami; resulting vaues for Q na and m o
can be obtained either by linear programming or by using gﬂgraohicd
method (see Fig.2). The following limiting cases are indicated:

A: Ami=0; (i.e. mp =47.5kg/9). Thisgives

AQs=- 18 MW, Ams = - 7kgls, Qu~ 34 MW, mpy = 54
kg/s.
B: Ams =0; (i.e. team losses are accurate). This gives:
- AQ =165 MW; Ami = 48 kg/s, Q nat- 685 MW, m 4~ 109

g/s.

C. mMyEmeaX; (i-e MyaX <.(200 - 41) kg/s). This gives:

AQi <37 MW, Ami £ 107 kg/s;

AQs < 21 MW; Ams <8 Kg/s, Qnar < 110 MW; m o < 176
kgls.

T He=(720-10) Hi/kg i

H =(630-10) kd/kg

Heat Losses (MW)

100
Mass Flowrate (kg/s)

150

Fig.2: Mass flowrates and surface heat losses indicated
for the Yangbayain Field (Tibet) by the balance
method.

The likely value of Q 4 can be assessed from a discussion of the
limiting cases.The heat loss indicated by case A istoo low since the
estimated total vapour losses are too low (only about 17.5 MW)
insufficient to maintain the actud conductive losses; hence, Qg > 34
MW. Theloss given by case Cis an upper limit Snce the value of my,
as indicated by the difference between up- and downstream river
flowrates on the 15.4.82 , is based ort the assumption that the input of
non-thermal water by severa smal creeks between the gauging sites
can be neglected. In spring and early summer thisinput can be as high
as 50 kg/s; hence, Qnar < 110 MW. It islikely that total losses given
by case B are dso a minimum since assessment of steam losses in
1986 were not accurate because minor losses of steaming ground near
the river were not taken into account; if for case B the component
AQs>0, then Q 4 > 68.5 MW.

If the average enthdpy of thermd fluids transferred to the surface
were 720 kJkg, this would imply Q 5> 60 MW in case B and <
128 MW in case C ('seeFig.2). Any point wthin the shaded field of
Fig.2 is a solution for Q . A mean of about 90 + 30 MW is
probably the best estimate for the natural heat losses of the
Y angbayain prospect which can be given a this stage. These losses
can be sustained by a natura upflow of about 135 kg/s of hot chloride
water; similar values were obtained by the simulation study, namely
about 70 MW and 100 kg/s respectively.



Errorsin the earlier heat loss assessments could have been avoided if
balance checks similar to those shown in Fig.2 had been applied. For
the 1975 study a value of about 21.5 MW is quoted for dl liquid
surface losses, i.e. m2 about 62 kg/s, pointing to steam losses of no
more than 30 MW in contrast to the anomaloudy high value of about

193 MW inferred from the surface method. Although the surface
losses of the field were somewhat larger in 1975 because of transient
phenomena (the surface temperature of the large hot lake was as high
a5 44.5°C), the baance study indicates that surface steam losses were
overestimated using the surface method..

Heat _loss assessment_bv_surface and balance_methods of
the Tauhara and Wairakel high_temperature system (NZ).

The natural heat loss from the Tauhara and Wairakei Fields was
assessed by the surface method during several surveys between 1951
and 1958. There is good evidence that both fields represent upflow
centres of one large gecthermd system, the Wairakel-Tauhara system
(Allis, 1981). Because of the documented details, the results
published by Fisher (1964, 1965) have been accepted as the best
vaues describing the natural losses of both fields prior to exploitation
(i.e. 1951/52), namely about 105 MW for the Tauhara.Field and
about 430 MW for the Wairakei Field. Therelative errors are about
20t0 25% (Allis, 1981).

A separate study of the discharge rate of equivaent chloride water
entering the Waikato River which drains both fields was made in
1954 by Ellisand Wila)nél%a when waste fluids (178 kg/sg froma
few Wairakel bores were dready discharging into theriver. Ellisand
Wilson deduced that a total of about 340 MW were discharged from
both fields . They aso used a Smple mass balance goproach to infer
that the difference between their value and thet obtai the surface
method a that time (about 600 MW cited in Grange 1 could be
caused by an overestimate of steam losses in the surface method.

Since satisfactory results had been obtained with the balance method
a Yanghayain, the same method was aso applied to the Tauhara and
Wairakel data. Unfortunately, the naturd [osses of both fields have
not yet been assessad by the smulation method; no reservoir mode
has been constructed for the Tauhara Field and the presently used
Wairakei reservoir model was st up by using the heet loss assessed
by the surface method as input data (M. O'Sullivan, pers. comm.).
Any discrepancy between data given by the surface and balance
method can therefore not be resolved with reference to data obtained
by the smulation method. The naturd fluid flow modd is similar for
both fields. In the pre-exploitation state deep hot chloride waters
ascended to a level of about 500 m depth where T = 250°C. The
average chloride concentration of these waterswas about 19 glkg 1
bar separation when produced in 1954 (Ellis and Wilson, 1954); the
average enthapy of fluids from producing wells in 1955 was about
1070 kJkg (Henley et ., 1984). The average chloride concentration
of the very deep hot water is ?reater, about 2.225 g/kg according to
Y oungman (1988). In the following discussion it will be assumed
that ascent of the very deep water was quasi-adiabatic and that its
effect upon the heat baance can be neglected.

From about 500 m depth, fluids ascended to higher levels as a two-
phase mixture with vapour being separated at higher levels; vapour
spread laterally and was often discharged away from low Iylgg
centres where hot chloride water escaped. Mixing with steam-hest

groundwater was common, &s is indicated by the lower chloride
contents of hot water in shallow wells a Wairakei (that for WK1, 8A,
9, 14 was only about 1.4+0.3 g/kg in 1954), whereas most shallow
wells at Tauhara encountered steam heated waters (Henley and
Stewart, 1983; Henley et a., 1984). Discharge of amost unmixed
chloride water was rare (ogl}/ at Geyser Valley, Wairakei). The near-
surface chloride flux varied seasondly and was a maximum during

the winter when more chloride water was flushed (Ellis and Wilson,
1955). Such seasonal variations were neglected at Yangbayain
because of the very low rainfdl there.

Before applying the extended balance method, one has to decide
whetheér heat |0ss data obtained by the 1951/52 and 1954 surveys can
be compared.

Timing and locdity effects. The first survey using the surface method
was made duri nc};1 1951/52; the chloride flux was messured in 1954.
Fisher repeated his survey in 1958 and found unchanged values &t
Tauhara, a Wairake hot water [0sses hed declined (probably by about
10% in 1954) but steam losses had remained amost the same
neglecting changes which occurred after 1954 (steam discharge
around well WK 201 drilled in 1958). The chloride flux survey only
gives the total flux of both fields between the upstream site of the
Lake Taupo outlet and the downgtream Ste a Aratiatia Rapids (about
4 km downstream from the centre of the Wairakei Field). Flux
measurements a an in-between site (Huka Falls) cannot be used to
separate the chlorideinput from the TauharaFeld.
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Effect of steam-heated water: The balance method only alows a
check of hest losses associated with chloride waters. The combined
chloride flux of hot water discharged into the Wairakei, Waiora, and
Wai erawera streams which drain the Wairakel Field was about
210 g/sin 1954; the surface method gave a subtotd of 73 MW for the
heat transferred by the streams in 1951/52. The chloride flux
indicates a mass flow rate of about 110 kg/s of equivalent unmixed
chloride water which, if discharged at boiling point temperature,
would only account for 40.5 MW using an emhalggenof (415-50)
kJkg. The rest, i.e. about 32.5 MW, must have added by
steam-heated groundwater which constitute steam losses. A
significant portion of the losses associated with hot water and seepage
(total of 147 MW for both fields cited by Fisher) is therefore
associated with steam loss.  Hence, results of the surface  surveys
cannot directly be compared with results from the chloride flux study;
for the same reason baance checks applied in the past to liquid and
steam losses to obtain the mean enthapy of deeper fluids (Fisher
1964, 1965) are open to criticism.

Conceded outflow effects  Neither survey-dlowed for the possibility
of concealed outflows of mixed chloride waters.For example, a
minor outflow from the Tauhara Field enters for example Lake Taupo
(Waipihi outflow); the low liquid losses (about 5 MW) and the low
chloride content of these fluids encountered in wells near the Terraces
Hotel indicate that the contribution of this outflow, which occurs
upstream from the Lake outlet site, was minor. Both surveys aso
were not extended below the Aratiatia Rapids where extinct
manifestations occur (P.R.L. Browne, pers. comm.) which were
probably fed by an ancient outflow from the Wairekel Field. Since
possible losses downstream from the Rapids were not considered by
either survey, this does not afect the comparison. In the absence of
any documented losses outside.it will be assumed that dl chloride
water supplied by the two upflow centres entered the Waikato River
between the Lake outlet and the Rapids.

In order to gpply the extended balance method, it will be assumed (as
for Yangbayain) that steam losses associated with conductive losses
(19.2 MW) and evaporative losses (122.5 MW), as given by the
surface method for both fields, contain the least error and that mass
flow rates can be obtained by using a mean enthalpy of 2625 k.]a/'%
(covering awide range of surface steam temperatures between 40

99°C). Since additional steam losses from steaming ground are
sgnificant, theoomlponentsAQsaMArm,in equations (1) and (2) are
> 0. As for liquid losses, it will be assumed that the chloride flux
vaues of Ellis and Wilson can be used for this component, the mean
annua chloride input of both fields was in 1954 about 412+120 g¢/s,
which indicates a mass flow rate of about 217 kg/s for unmixed
chloride waters discharging about 79 MW. An upper limit for the totd
losses can be obtained by using the upper limit for the chloride flux,
i.e. 532 g/s, corresponding to maximum liquid losses with a mass
flowrate My« = 280 kg/s.

According to equations (1) and (2) one obtains for the combined
losses from the Tauhara and Wairake fidds:

(Ic) 221 MW + AQs + AQ = Q nat, ad
(2c) 271kg/s + Ams + Ami

Qnat-

It can be assumed that the enthdpy of the ascending hot fluids
(equation 3) lieswithin the range of (1000 - 50) and (1100 - 50) U/kg
as Indicated by fluid characteristics of test wells discharged in 1954
adding wagte fluids at a rate of 1785 kg/s to the river (Ellis and
Wilson, 1955). If one uses the same gpproach as for Y angbayain, one
obtains the diagram shown in Fig.3. Since in equations (Ic) and (2¢)

the unknown parameters AQs and Amg are > 0, only two limiting
cases are of interest, namely:

caeB: Am =0, and

caseC: mi = mnme (280kg/s).
Figure 3 indicates that for these cases, within the inferred enthapy
range:

280 MW < Q ret < 420 MW.

Again, any point within the shaded fild shownin Fig.3

is a solution for Q t which satisfies observed data and assumed
restraints. A mean value of 350 £ 70 MW is probably the best
estimate for the natural losses (between 1951 and 1954) of the
combined Tauhara and Wairakel Fields. These losses would have
been sustained by an upflow of about 350 kg/s of hot fluids of which
about 250 kg/s would be discharged as unmixed hot water (at boiling
r)oi nt) at or near the surface, transferring about 92 MW of hest. It is
ikely that these liquid losses had aready decreased by about 10% in
1954; any such tempora changes lie, however, within the error of the
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Fig.3: Mass flowrates and surface heat losses indicated
for the Wairakei and Tauhara Fields (New Zealand)
by the balance method.

best estimate cited above.

If one conn}pares our values with those cited in Fisher (1964,1965),
one can infer that both liquid and steam losses cited for the earlier
surveys were over-estimated by about one third. In case of the liquid
lossesit islikely thet the error was caused by the inclusion of steam-
hested waters; as for the discrepancy in steam losses, it is possible
that the area of steaming ground was overestimated
(R.Allispers.comm.). Errors in evaporative losses, however, were
smal since an independent check of evaporative losses of various
Tauhara fegtures cited in Fisher (1965) by using the agorithm of
Ryan et d. (1974)ofga/e similar values except for ebullition effects.

If the same types of error hed occurred during the earlier surveys both
a Tauharaand a Wairake, it is possible that the naturd losses from
the Wairakel Field were no greater than about 280 MW and those of
the Tauhara Field no more than about 70 MW during 1951 to 1954.
Although surface steam losses increased later both a Tauhara and a
Wairake as aresult of the pressure drop induced by the production at
Wairakei (Allis, 1981, Henley and Stewart, 1983), it is unlikely that
steam losses between 1951 and 1954 exceeded steedy Stete [osses
associated with the natural upflow of hot chloride water. Until
independent assessments are produced by the smulation method, one
can only state that the total losses of both fields were somewhere
between 280 and 530 MW in the undisturbed state; the balance
method, however, alows the prediction that the actud value was at
the lower end of thisrange.

Summary:

Application of the balance method to natural hot water and steam
losses from three hot water systems which discharge neutral chloride
waters a the surface has shown that unknown or poorly known loss
components can be assessed by the heat and mass balance
equations.This shows that surface steam losses assessed previoudly
by the surface method have been significantly overestimated pointing
to a probable systematic error in steam |oss assessments of surface
manifestations.

Natura hest loss data published for smilar sysems might contain the
same types of error. If balance checks were gpplied to data obtained
by the surface method, one should be aware that losses associated
with hot water and seepge discharges may contain a component
coming from steam-heated weaters which has to be separated from
losses due to discharge of hot chloride waters.

Problems can arise if natural losses which have been overestimated
are used to infer the power potentid of a certain reservoir using the
method of analogy or if areservoir mode were used for a simulation
sudy which is calibrated by using natural upflow rates based on
overestimated naturd |osses.
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