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ABSTRACT 

Power output from geothermal wells depends on the measured mass flow rate and flowing enthalpy during 

production (discharge) testing.  Key question before testing the productivity is; will the well self-discharge 

or not after warm-up.  

This work demonstrates that the simplest and accurate methods to predict the well will self-discharge or not 

are the Af/Ac method and the new water level to feed zone method.  

Five well discharge stimulation techniques are discussed and recommendations were given to the well-to-

well stimulation when there is a self-discharge well nearby, while the air compression method should be the 

first choice in remote wells.  

 

NOMENCLATURE 

𝐴 cross section area (m2) 

𝐴𝑐 area of condensation 

𝐴𝑓 area of flashing 

𝐵𝑃𝐷 boiling point of depth (⁰C) 

𝐶𝐴𝑃𝐸𝑋 capital expenditure 

𝐶𝐻𝐹 casing head flange 

𝐶𝑇𝑈 coil tubing unit 

𝐷 diameter (m) 

𝐸𝐺𝑆 enhanced geothermal systems 

𝑔 gravitational acceleration (9.81 m/s2) 
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𝐺𝑈𝐼 graphical user interface 

ℎ discharge enthalpy (kJ/kg) 

𝐻 distance between water level until nitrogen target (m) 

𝑘ℎ permeability thickness (Dm) 

𝐿 distance between casing head flange until hydrogen injection target (m) 

𝑀 total mass flow rate (kg/s) 

𝑀𝐴𝑊𝑃 maximum allowable working pressure (bara) 

𝑀𝑃𝑍 main permeable zone 

𝑂𝑃𝐸𝑋 operational expenditure 

𝑝 pressure (bara) 

𝑃𝐶𝑆 production casing shoe 

𝑃𝐼 productivity index (kg/Pa.s2) 

𝑄𝑓 flowing quality 

𝑄𝑠 static quality 

𝑟 radius (m) 

𝑆 saturation 

𝑆𝑟 submergence ratio 

𝑆𝑇𝑃 standard temperature and pressure 

𝑇 temperature (⁰C) 

𝑣 velocity (m/s) 

𝑉 volume (m3) 

�̅� average velocity of the mixture (m/s) 

𝑊 mass flow rate of nitrogen (kg) 

𝑊𝐻𝑃 wellhead pressure (bara) 

𝑥 dryness (%) 

𝑑𝑃

𝑑𝑧
 pressure drop gradient (bar/m) 

 

Greek letters 
 

𝛼 void fraction 

𝜇 dynamic viscosity (kg/m.s) 

𝜌 density (kg/m3) 

𝜗 specific volume (m3/kg) 

Δ𝑝 pressure difference from each point in the well (bara) 

ΔΖ depth difference (m) 

 

Subscripts 
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𝑎 acceleration 

𝑎𝑛𝑛 annulus 

𝑐 condensation 

𝑐ℎ characteristic 

𝑓 flashing 

𝑓𝑟𝑖𝑐 frictional 

𝑔 gas (vapour)  

𝑔𝑎𝑠 nitrogen 

𝑔𝑟𝑎𝑣 gravitational 

𝑙 liquid 

𝑚𝑖𝑥 mixture 

𝑟𝑒𝑠 reservoir 

𝑠𝑎𝑡 saturated 

𝑠𝑡𝑎𝑡 static 

𝑠𝑢𝑏 submergence 

𝑤 wellbore 

𝑤𝑓 well flowing 

𝑤ℎ well head 

 

1. INTRODUCTION  

After drilling a new geothermal well, it is important to carry out completion (well) testing. Completion testing 

consists of several tests. These include water loss surveys to identify the loss (permeable) zones, injectivity 

test, pressure falloff test, temperature warm up surveys and finally production/flow test. Well discharge 

analysis should be carried out before the flow testing to assess whether the well will likely to self-discharge 

or not, before committing staff time, equipment and funds. Some hot and permeable liquid-dominated wells 

do not naturally self-discharge the reservoir fluid, thus they are called non-self-discharge wells. Non-self-

discharge wells are common in conventional liquid dominated geothermal fields such wells have been 

reported in Indonesia (Bacquet, Situmorang, & Novianto, 2014; Mubarok, 2013; Mubarok & Saptadji, 2015), 

the Philippines (Algopera, 1980; A. Aqui, 1996; Sarmiento, 2011; Siega, Saw, Andrino-Jr, & Cañete, 2005; 

StaAna, 1985), Costa Rica (Castro-Zuniga, 2015), Iceland (Kajugus, 2015), Iran (Khosrawi, 2015; Kousha 

& Ghaderi, 2015), Mexico (Luviano, Armenta, & Montes, 2015; Martínez & Armenta, 2015), Kenya (Saitet, 

2015) and New Zealand, (authors experience) .  

Having a non-self-discharge well does not mean that the well will not produce nor has poor productivity. In 

fact, some non-self-discharge wells have high mass flow, flowing enthalpy and well head pressure (WHP) 

than some self-discharge wells. However, these wells should be stimulated (jump started/initiated) before 
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discharging fluids. The poor ability of a well to naturally discharge can be related to several factors (Grant & 

Bixley, 2011; Sarmiento, 1993): 

1. Deep water levels (>500 m) from the well head. 

2. Temperature recovery is very slow and wellhead pressure does not develop by itself. 

3. Cold water column (due to cold ground) on top of the hot reservoir fluid. 

4. Well damage during drilling. 

5. Poor reservoir permeability. 

6. High elevation terrain (lower water level). 

7. Small production casing size (higher pressure drop).  

Geothermal wells in vapour dominated reservoirs that produce high enthalpy dry or almost dry steam do not 

encounter such problem, due to the low density of the produced steam, high energy content, generally shallow 

depth and the lack of cold water column. Geothermal wells, with reservoir pressure that is higher than the 

hydrostatic head of water are also not affected by this problem, since the reservoir pressure can overcome the 

water head in the wellbore. Non-self-discharge well is a problem in low to moderate enthalpy (1000-1700 

kJ/kg) liquid dominated reservoirs where the reservoir pressure is less than the hydrostatic head of cold water 

column. 

It is not uncommon to have geothermal wells that require discharge stimulation after they are shutdown. This 

can vary from field to field and we estimate that it affects more than 15-20% of conventional geothermal 

wells worldwide. The general field practice is to have these wells producing continuously even when they 

are not in use, this is to save discharge stimulation time and cost. Although this may sound very wasteful, the 

reality of geothermal energy utilization is that it not about thermodynamic efficiency but rather economic 

efficiency (viability). 

It is important to mention that some geothermal wells may start their production life as self-discharge wells 

and later become non-self-discharge. This is when the reservoir pressure significantly decline, reservoir 

temperature reduce with cooling (e.g. reinjection breakthrough, ground water down flow), possibly due 

mineral scaling in the formation or some other effects. The opposite is also possible, but less likely; discussing 

this further is outside the scope of this work. 

The objective of this study is to analyse and test existing and new well discharge prediction methods. This is 

including the ratio of flashing and condensation (𝐴𝑓/𝐴𝑐) area method (StaAna, 1985), the liquid hold-up 

method, numerical reservoir simulation, wellbore simulation and the newly proposed ratio of water level to 

feed zone depth method. Once it is established that the geothermal well will not self-discharge, well discharge 

stimulation techniques will be considered to promote (jump start) the well. There are five established 

techniques for well discharge stimulation including air compression, well-to-well stimulation, nitrogen 

injection, air injection and injection of steam from a portable boiler.  
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The term stimulation can also refer to improving the permeability of the reservoir near the geothermal well. 

This is to enhance the productivity or injectivity (water take) of newly drilled wells or geothermal wells with 

damaged (blocked) formations (e.g. by drilling fluids) or mineral scaling.  These techniques typically involve 

hydraulic fracturing (water enhancement), acidizing (matrix acidizing and acid fracturing), thermal fracturing 

and other geothermal stimulation techniques (casing perforation, high energy gas fracturing/deflagration, 

acoustic stimulation and electric stimulation) (A. R. Aqui & Zarrouk, 2011; Covell, Guðjónsdóttir, & 

Þorhallsson, 2016; Malate et al., 2015; McLean, Zarrouk, & Wilson, 2016; Pasikki, Libert, Yoshioka, & 

Leonard, 2010). This type of permeability stimulation/enhancement is outside the scope of this work. 

 

2. WELL DISCHARGE PREDICTION 

Discharge testing of a new geothermal well is the final and most important step in any exploration or drilling 

programme. It is the time when the productivity of the well is measured and the power output is calculated. 

When the power output is known for any field by the wells production testing, it will be easier for developers 

to obtain finances, effectively this is when the geothermal development becomes low risk and bankable.  

Before embarking on the output testing whether through a vertical or horizontal discharge test setup. It is 

important to predict if the well is going to self-discharge or not. This is to save on discharge testing cost and 

time and to select the appropriate discharge stimulation technique, should the well is not predicted to self-

discharge. 

There are several discharge prediction methods used by the geothermal industry and some proposed in this 

work. 

2.1 𝑨𝒇/𝑨𝒄  Ratio Method 

This method was originally developed for liquid-dominated geothermal wells by StaAna (1985) to predict 

whether a well will self-discharge or not before applying air the compression discharge stimulation technique. 

It is by far the most commonly used method used for predicting well discharge. The tendency of the well to 

self-discharge or not is predicted by the empirically calculated 𝐴𝑓/𝐴𝑐 ratio. StaAna (1985) showed that 𝐴𝑓 

which is the area of steam flashed from liquid is proportional to the extra energy contained above the energy 

of the saturated water. While 𝐴𝑐 is the area between the measured formation temperature and the fluid flowing 

temperature profile at the boiling point of water (100°C ) at atmospheric pressure (1 bar abs.), referenced 

below the casing head flange (CHF). 𝐴𝑐 is proportional to the energy used to heat the casing and the rock 

formation taken from the geothermal fluid when flowing up the well in the cased part of the well. This is 

calculated between the boiling point for depth (BPD) curve and the measured temperature profile (Figure 1). 

Well discharge prediction criteria based on the  𝐴𝑓/𝐴𝑐 ratio given by StaAna (1985) is shown in Table 1. 

This method only requires the warmed-up temperature and pressure profiles of the shut in well. The flowing 

water level in the well is normalised by extrapolating the pressure profile to zero gauge pressure (Figure 2) 
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and the BPD curve is drawn from that point to create the 𝐴𝑓 region with the temperature profile (Figure 2). 

The  𝐴𝑓/𝐴𝑐 ratio method has been applied successfully in several geothermal fields world-wide: Okoy 

(Algopera, 1980), Palayan-Bayan (StaAna, 1985), Palinpinon (Sarmiento, 2011; StaAna, 1985), 

Mahangdong (A. Aqui, 1996; Siega et al., 2005), Rantau Dedap (Bacquet et al., 2014), Ulubelu, Lumut Balai, 

Hululais, Sungai Penuh, Karaha, Sibayak and Lahendong (Mubarok and Saptadji, 2015), Boringuan (Castro-

Zuniga, 2015), Reykjanes (Kajugus, 2015), Sabalan (Khosrawi, 2015; Kousha and Ghaderi, 2015), Los 

Humeros (Luviano et al., 2015), Los Azufres (Martínez and Armenta, 2015) and Olkaria (Saitet, 2015).  

 

Figure 1: An example of 𝑨𝒇 and 𝑨𝒄 determination in the 𝑨𝒇/𝑨𝒄 method. 

Table 1: The range of  𝑨𝒇/𝑨𝒄  ratio criteria (StaAna, 1985). 

𝑨𝒇/𝑨𝒄 Ratio Discharge Prediction 

< 0.70 Little or no chance for successful self-discharge 

0.70 - 0.85 Uncertain discharge  

> 0.85 Excellent chance for successful self-discharge 

 

Several methods can be used to calculate the area of 𝐴𝑓 and 𝐴𝑐 such as integrating the area under the curve, 

counting the number of grid blocks for each area (Figure 2). A good example of a well with a high potential 

for self discharge is shown in Figure 2. 
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Figure 2: Example demonstrating the use of the  𝑨𝒇/𝑨𝒄 method on a self-discharge well ( 𝒇/𝑨𝒄 = 𝟏. 𝟕𝟔𝟐) 

from Ulubelu, Indonesia. 

The  𝐴𝑓/𝐴𝑐  ratio for 62 wells from different geothermal fields in Indonesia, Philippines, Costa Rica, Iceland, 

Iran, Mexico and Kenya are summarized in Table 2. Table 2 gives the calculated  𝐴𝑓/𝐴𝑐  ratio and indicate 

whether the well did self-discharge or not.  

Table 2: Summary of the  𝑨𝒇/𝑨𝒄 method in wells from several geothermal fields worldwide. 

Field 

Location 
Field Name Well Name 

Production 

Casing 

Shoe 

Depth (m) 

Water 

Level 

Depth (m) 

Af/Ac 

Water 

Level                 

Position 

Well Type References 

Indonesia Sungai Penuh KRC-B/1 1041 299 0.000 Above PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Hululais HLS-A/1 1060 200 0.000 Above PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-5 1327 400 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-7 825 400 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-8 1494 400 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-27 835 480 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-11 853 560 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-14 970 500 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-25 970 540 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-26 865 460 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-28 865 600 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 
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Field 

Location 
Field Name Well Name 

Production 

Casing 

Shoe 

Depth (m) 

Water 

Level 

Depth (m) 

Af/Ac 

Water 

Level                 

Position 

Well Type References 

Indonesia Ulubelu UBL-30 946 460 0.000 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Philippines Palinpinon GF1RD 1300 400 0.000 Above PCS Non-Self-Discharge Sarmiento (1993) 

Costa Rica Boringuan PGB-01 900 350 0.000 Above PCS Non-Self-Discharge Castro-Zuniga (2015) 

Costa Rica Boringuan PGB-08 750 350 0.000 Above PCS Non-Self-Discharge Castro-Zuniga (2015) 

Iran Sabalan NWS-10D 880 240 0.000 Below PCS Non-Self-Discharge Khosrawi (2015) 

Iran Sabalan NWS-5D Unknown 100 0.000 Unknown Non-Self-Discharge Kousha and Ghaderi (2015) 

Iran Sabalan NWS-8D Unknown 300 0.000 Unknown Non-Self-Discharge Kousha and Ghaderi (2015) 

Iran Sabalan NWS-4D Unknown 100 0.000 Unknown Non-Self-Discharge Kousha and Ghaderi (2015) 

Iran Sabalan NWS-1D Unknown 200 0.000 Unknown Non-Self-Discharge Kousha and Ghaderi (2015) 

Iran Sabalan NWS-11RD Unknown 50 0.000 Unknown Non-Self-Discharge Kousha and Ghaderi (2015) 

Mexico Los Humeros H-41 Unknown 250 0.000 Unknown Non-Self-Discharge Luviano et al. (2015) 

Mexico Los Humeros H-45 Unknown 200 0.000 Unknown Non-Self-Discharge Luviano et al. (2015) 

Kenya Olkaria 801 Unknown 625 0.000 Unknown Non-Self-Discharge Saitet (2015) 

Kenya Olkaria 802 Unknown 500 0.000 Unknown Non-Self-Discharge Saitet (2015) 

Kenya Olkaria 802A Unknown 625 0.000 Unknown Non-Self-Discharge Saitet (2015) 

Kenya Olkaria 803 Unknown 500 0.000 Unknown Non-Self-Discharge Saitet (2015) 

Kenya Olkaria 804 Unknown 600 0.000 Unknown Non-Self-Discharge Saitet (2015) 

Kenya Olkaria 804A Unknown 625 0.000 Unknown Non-Self-Discharge Saitet (2015) 

Mexico Los Azufres Az-90 Unknown 800 0.014 Unknown Non-Self-Discharge Martínez and Armenta (2015) 

Philippines Palinpinon PAL7RD 1300 500 0.083 Above PCS Non-Self-Discharge Sarmiento (1993) 

Philippines Manito MO2 396 20 0.220 Above PCS Non-Self-Discharge StaAna (1985) 

Indonesia Lumut Balai LMB-A/3 906 360 0.267 Below PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-3 1792 520 0.318 Below PCS Non Self-Discharge Mubarok and Saptadji (2015) 

Philippines Palayan-Bayan PAL1 1096 500 0.340 Above PCS Non-Self-Discharge StaAna (1985) 

Philippines Manito MO3 396 50 0.380 Above PCS Non-Self-Discharge StaAna (1985) 

Indonesia Rantau Dedap X1 530 450 0.444 Below PCS Non-Self-Discharge Sarmiento (1993) 

Mexico Los Azufres Az-80 Unknown 700 0.449 Unknown Non-Self-Discharge Martínez and Armenta (2015) 

Philippines Palayan-Bayan PAL9D 942 540 0.490 Above PCS Non-Self-Discharge StaAna (1985) 

Indonesia Rantau Dedap X2 830 450 0.500 Below PCS Non-Self-Discharge Sarmiento (1993) 

Indonesia Karaha TLG-3/1 1280 1550 0.532 Below PCS Self-Discharge Mubarok and Saptadji (2015) 

Philippines Palayan-Bayan PAL3D 1286 500 0.580 Above PCS Non-Self-Discharge StaAna (1985) 

Philippines Palayan-Bayan PAL3RD 1255 450 0.710 Above PCS Non-Self-Discharge StaAna (1985) 

Indonesia Hululais HLS-C/1 938 200 0.714 Above PCS Non-Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-2 849 920 0.805 Below PCS Self-Discharge Mubarok and Saptadji (2015) 

Philippines Palayan-Bayan PAL1RD 1222 450 0.870 Above PCS Self-Discharge StaAna (1985) 

Indonesia Karaha KRH-5/1 1362 1200 0.877 Below PCS Self-Discharge Mubarok and Saptadji (2015) 

Philippines Puhagan PN19D 1268 490 1.380 Below PCS Self-Discharge StaAna (1985) 

Indonesia Lumut Balai LMB-A/2 906 320 1.500 Below PCS Self-Discharge Mubarok and Saptadji (2015) 

Philippines Puhagan PN4RD 1726 340 1.630 Below PCS Self-Discharge StaAna (1985) 

Indonesia Ulubelu UBL-15 956 760 1.762 Below PCS Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-16 954 520 1.762 Below PCS Self-Discharge Mubarok and Saptadji (2015) 

Philippines Palayan-Bayan PAL6D 1291 470 1.840 Above PCS Self-Discharge StaAna (1985) 

Philippines Palayan-Bayan PAL7D 1100 500 2.680 Above PCS Self-Discharge StaAna (1985) 

Iceland Reykjanes RN-30 Unknown 220 3.413 Unknown Self-Discharge Kajugus (2015) 

Indonesia Lahendong LHD-37 874 740 3.818 Below PCS Self-Discharge Mubarok and Saptadji (2015) 
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Field 

Location 
Field Name Well Name 

Production 

Casing 

Shoe 

Depth (m) 

Water 

Level 

Depth (m) 

Af/Ac 

Water 

Level                 

Position 

Well Type References 

Mexico Los Azufres Az-89 Unknown 600 3.932 Unknown Self-Discharge Martínez and Armenta (2015) 

Mexico Los Azufres Az-83 Unknown 800 8.806 Unknown Self-Discharge Martínez and Armenta (2015) 

Indonesia Lumut Balai LMB-3/3 801 825 Infinite Below PCS Self-Discharge Mubarok and Saptadji (2015) 

Indonesia Lumut Balai LMB-3/4 720 845 Infinite Below PCS Self-Discharge Mubarok and Saptadji (2015) 

Iceland Reykjanes RN-30 Unknown 1680 Infinite Unknown Self-Discharge Kajugus (2015) 

Mexico Los Azufres Az-74 Unknown 400 Infinite Unknown Self-Discharge Martínez and Armenta (2015) 

 

Table 2 shows that most of the calculated  𝐴𝑓/𝐴𝑐  ratios match the actual well behaviour during discharge 

testing. This is with the exception of well number (TLG-3/1), which showed unpredictable behaviour. 

According to the  𝐴𝑓/𝐴𝑐 ratio range (Table 1), this well should not self-discharge, having an 𝐴𝑓/𝐴𝑐 ratio of 

0.532. However, it did self-discharge after the completion test. This is because, well TLG-3/1 is a steam 

dominated well with a measured enthalpy of 2450 kJ/kg, when this method only applies to liquid dominated 

(liquid feed zone) wells. In addition it can be observed that, the shut in water level was close to the feed zone 

(below the production casing shoe), which is typical of dry steam well behaviour.  

Based on experience and the reported data in Table 2, the  𝐴𝑓/𝐴𝑐 range criteria for well discharge prediction 

is valid. However the prediction of self or non-self-discharge should not be based on the  𝐴𝑓/𝐴𝑐 ratio method 

alone and other methods should also be considerd.  

2.2 Liquid Hold-Up method 

The liquid hold up method was developed by Garg et al., (2005). Self-discharge can be predicted using the 

liquid hold-up method (Garg et al., 2005), by calculating the flowing (𝑄𝑓) and static (𝑄𝑠) qualities (dryness 

fractions): 

 

𝑄𝑓 =
𝐴. 𝑆𝑔. 𝜌𝑔. 𝑣𝑔

𝑀
                                                                         (1) 

   

𝑄𝑠 =
𝑆𝑔. 𝜌𝑔

(𝑆𝑙 . 𝜌𝑙 + 𝑆𝑔. 𝜌𝑔)
=

ℎ𝑟𝑒𝑠 − ℎ𝑓

ℎ𝑓𝑔
                                                                 (2) 

      

𝑆𝑔 =
𝜗𝑔

(𝜗𝑙 + 𝜗𝑔)
                                                                         (3) 

𝑆𝑙 + 𝑆𝑔 = 1                                                                           (4) 

 

Where 𝑄𝑓 is flowing quality; 𝑄𝑓 is static reservoir steam quality; 𝑣𝑔 is steam velocity; 𝐴 is cross section area 

of well’s production casing; 𝜌𝑔 is steam density; 𝜌𝑙 is liquid density; 𝜗𝑔 is steam specific volume; 𝜗𝑙 is liquid 
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specific volume; 𝑆𝑔 is in situ steam saturation (steam volume fraction); 𝑆𝑙 is in situ liquid saturation (liquid 

volume fraction); 𝑀 is two-phase mass flow rate. The criteria for self-discharge or not given by Garg et al. 

(2005) is: if 𝑄𝑓 ≥ 𝑄𝑠, the well will self-discharge and if 𝑄𝑓 < 𝑄𝑠, the well will not self-discharge. 

The liquid hold-up method requires several input parameters some of which are only obtained after the 

successful discharge of the well (e.g. 𝑀, 𝑣𝑔 and reservoir enthalpy). Using retrospective discharge test data 

showed that this method is quite accurate compared to actual field data (Table 3). The well with a high 𝑄𝑓 

will have enough driving force to clear cold water column in the casing and pull hot reservoir fluid from the 

feed zone to the surface. A comparison between the  𝐴𝑓/𝐴𝑐 ratio method, the liquid hold-up method and 

actual data is summarized in Table 4. 

Table 3: Discharge prediction using the liquid hold up method. 

Field 

Location 
Well 

Production Casing Shoe 

Depth (m) 

Water Level 

Depth (m) 
Qf Qs Result 

Sungai Penuh KRC-B/1 1041 299 0.044 0.500 Qf<Qs No Flowing 

Hulu Lais 
HLS-A/1 1060 200 0.018 0.500 Qf<Qs No Flowing 

HLS-C/1 938 200 0.018 0.500 Qf<Qs No Flowing 

Ulubelu 

UBL-5 1327 400 0.012 0.500 Qf<Qs No Flowing 

UBL-7 825 400 0.009 0.500 Qf<Qs No Flowing 

UBL-8 1494 400 0.023 0.500 Qf<Qs No Flowing 

UBL-27 835 480 0.023 0.500 Qf<Qs No Flowing 

UBL-2 849 920 0.061 0.028 Qf≥Qs Flowing 

UBL-3 1792 520 0.102 0.500 Qf<Qs No Flowing 

UBL-15 956 760 0.046 0.039 Qf≥Qs Flowing 

UBL-16 954 520 0.097 0.027 Qf≥Qs Flowing 

UBL-11 853 560 0.011 0.500 Qf<Qs No Flowing 

UBL-14 970 500 0.048 0.500 Qf<Qs No Flowing 

UBL-25 970 540 0.019 0.500 Qf<Qs No Flowing 

UBL-26 865 460 0.039 0.500 Qf<Qs No Flowing 

UBL-28 865 600 0.010 0.500 Qf<Qs No Flowing 

UBL-30 946 460 0.046 0.500 Qf<Qs No Flowing 

Lahendong LHD-37 874 740 0.025 0.024 Qf≥Qs Flowing 

Lumut Balai 

LMB-3/3 801 825 0.033 0.020 Qf≥Qs Flowing 

LMB-3/4 720 845 0.130 0.019 Qf≥Qs Flowing 

LMB-A/2 906 320 0.023 0.019 Qf≥Qs Flowing 

LMB-A/3 906 360 0.000 0.020 Qf<Qs No Flowing 

Karaha 
KRH-5/1 1362 1200 0.340 0.023 Qf≥Qs Flowing 

TLG-3/1 1280 1550 0.758 0.041 Qf≥Qs Flowing 
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Table 4: Comparison between the discharge predictions of the  𝑨𝒇/𝑨𝒄 method, liquid hold-up method and 

field data. 

 

 

 

The liquid hold-up method has an interesting underpinning assumption that most reservoirs have some level 

gas saturation otherwise Qs =0 (equation 2) or effectively an enthalpy that is higher than the saturated liquid 

enthalpy at the given reservoir (feed zone) temperature (Figure 3). Comparing the measured flowing enthalpy 

and the estimated reservoir enthalpy prior to the discharge test of the wells in Table 4 is given in Table 5. 

Well 
Results 

𝐴𝑓/𝐴𝑐Ratio Liq. Holdup Field Data 
KRC-B/1 Non-Self-Discharge No Flowing Non-Self-Discharge 

HLS-A/1 Non-Self-Discharge No Flowing Non-Self-Discharge 

HLS-C/1 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-5 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-7 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-8 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-27 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-2 Self-Discharge Flowing Self-Discharge 

UBL-3 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-15 Self-Discharge Flowing Self-Discharge 

UBL-16 Self-Discharge Flowing Self-Discharge 

UBL-11 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-14 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-25 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-26 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-28 Non-Self-Discharge No Flowing Non-Self-Discharge 

UBL-30 Non-Self-Discharge No Flowing Non-Self-Discharge 

LHD-37 Self-Discharge Flowing Self-Discharge 

LMB-3/3 Self-Discharge Flowing Self-Discharge 

LMB-3/4 Self-Discharge Flowing Self-Discharge 

LMB-A/2 Self-Discharge Flowing Self-Discharge 

LMB-A/3 Non-Self-Discharge No Flowing Non-Self-Discharge 

KRH-5/1 Self-Discharge Flowing Self-Discharge 

TLG-3/1 Non-Self-Discharge Flowing Self-Discharge 
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Figure 3: Discharge enthalpy prediction from pivot point of warm up test (after Watson (2013)). 

Table 5: Comparison between the measured enthalpy and the estimated enthalpy for the wells in Table 4. 

Field 

Location 
Well 

Enthalpy (kJ/kg) 

Measured Estimated Different 

Sungai Penuh KRC-B/1 978.1 894.2 83.9 

Hulu Lais 
HLS-A/1 1044.4 1011.4 33.1 

HLS-C/1 1364.3 1337.1 27.2 

Ulubelu 

UBL-5 1039.5 1018.0 21.5 

UBL-7 1096.1 1080.3 15.8 

UBL-8 1092.7 1051.7 41.0 

UBL-27 1149.5 1109.5 39.9 

UBL-2 1232.4 1126.7 105.7 

UBL-3 1280.0 1101.5 178.4 

UBL-15 1275.5 1202.3 73.2 

UBL-16 1281.9 1113.8 168.1 

UBL-11 1268.9 1252.0 16.9 

UBL-14 1299.6 1220.9 78.7 

UBL-25 1172.7 1140.2 32.5 

UBL-26 1185.7 1118.0 67.7 

UBL-28 1041.8 1023.7 18.1 

UBL-30 1148.0 1065.6 82.3 

Lahendong LHD-37 1127.0 1082.9 44.1 

Lumut Balai 

LMB-3/3 1090.3 1030.7 59.6 

LMB-3/4 1255.1 1018.2 236.9 

LMB-A/2 1070.0 1029.2 40.8 

LMB-A/3 1042.0 1041.7 0.3 

Pressure (bar) & Temperature (0C)

D
ep

th
 (

m
)

pivot point Reservoir temperature 

(Tfz)

P day 1

P day30

P day 90

T day 90
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Field 

Location 
Well 

Enthalpy (kJ/kg) 

Measured Estimated Different 

Karaha 
KRH-5/1 1676.8 1075.9 600.9 

TLG-3/1 2455.0 1225.0 1230.0 

Average difference (kJ/kg) 89.9 

Maximum difference (kJ/kg) 600.9 

 

Table 5 shows that the reservoir enthalpy is commonly underestimated when using the reservoir temperature 

(Figure 3) by about 90 kJ/kg on average. It has also been reported that the reservoir fluid loos about 50-100 

kJ/kg in the well-bore as it acts agents gravity, friction and acceleration (Zarrouk and Moon, 2014, 2015). 

This means that most liquid dominated reservoirs have some level of gas saturation (excess enthalpy) as 

demonstrated in Table 5.  

Table 5 also shows that well TLG-3/1 is vapour dominated with a much higher enthalpy than estimated hence 

the  𝐴𝑓/𝐴𝑐 method failed to predict its behaviour as discussed in section 2.1.  

While the liquid hold-up method can accurately predict if the geothermal well will self discharge or not, it 

requires input parameters that are not available prior to the well discharge test. However, it is possible to 

estimate these parameters using historic data by establishing relations between the injectivity (J) and the 

productivity (M). Grant and Bixley (2011) gave a relation between injectivity and expected maximum 

discharge (productivity) for geothermal wells with 200 mm internal diameter production casing. For the large 

(320 mm) diameter wells of Table 5, we used the following new relation between injectivity and expected 

maximum discharge based on field data (Figure 4). The estimated reservoir enthalpy should also be corrected 

by adding about 90 kJ/kg (Table 5) to the saturated liquid enthalpy at the feed zone temperature (see Figure 

3) as discussed above. 
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Figure 4. Relation between Injectivity (J) and expected maximum discharge (M) for a 320 mm well.  

However, there will be several assumptions involved and while having an accuracy of about 50% for the 

injectivity-productivity relation (Grant and Bixley, 2011). We feel this method is should not be the first choice 

for discharge predictions.
 

2.3 Analytical Radial Flow Simulation 

The flow from the geothermal reservoir to the surface can be simplified into: radial flow in porous media into 

the well then vertical flow inside the geothermal well to the surface. The main resistance to the flow (self-

discharge) is the two-phase pressure drop inside the geothermal well casing. Chadha and Malin (1993) and 

Garcia-Gutierrez et al. (2002) showed that there are two possible models for two-phase pressure drop flow 

models in geothermal wells: homogeneous and heterogeneous models. In this study, heterogeneous model 

has been used for two-phase pressure drop in the wellbore. 

Pressure drop calculation in geothermal wells is used for determining the bottom well flowing pressure (𝑝𝑤𝑓), 

the wellhead pressure (WHP), the flashing zone in the well and the type of two phase flow regime. The 

calculation can be carried out from top to the bottom of the well or vice versa. 

There are three components of pressure drop in the self-discharge geothermal well these are gravitational, 

friction and accelaration. In mathematical notation, it can be represented as : 

 

∆𝑃 = ((
𝑑𝑃

𝑑𝑍
)

𝑔𝑟𝑎𝑣
+ (

𝑑𝑃

𝑑𝑍
)

𝑓𝑟𝑖𝑐
+ (
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𝑑𝑍
)

𝑎
) ∆𝑍                                             (5) 

M = -0.0047 J2 + 1.7174 J + 1.1439
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Where ∆𝑃/∆𝑍 is the pressure drop gradient total of a geothermal well; (𝑑𝑃/𝑑𝑍)𝑔𝑟𝑎𝑣 is the gravitational 

pressure drop gradient; (𝑑𝑃/𝑑𝑍)𝑓𝑟𝑖𝑐 is the frictional pressure drop gradient; (𝑑𝑃/𝑑𝑍)𝑎 is the acceleration 

pressure drop gradient. In a liquid-dominated well, gravitational is the largest contributor to the total pressure 

drop, followed by friction and acceleration pressure drop (Brennand and Watson, 1987). 

Flashing occurs when the compressed liquid of the reservoir reaches boiling point (saturation) pressure in the 

wellbore (Ryley, 1980). The flow regime can be predicted by using a flow pattern map (Figure 5). Slug flow 

should be avoided at the surface because it can damage the piping due to high vibration and water hammer 

effects.  

 

Figure 5: Flow pattern map of two-phase flow (after Mandhane, et al. (1974)). 

The fluid flow from the reservoir to the wellbore can follow five possible geometry types: linear, radial, 

elliptical, spherical and hemispherical flow (Kjaran and Eliasson, 1983). The analogy of radial flow is shown 

in Figure 6.  
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Figure 6: Radial flow from the reservoir to the wellbore. 

Radial flow of the reservoir fluid assumes that the reservoir fluid moves radially to the wellbore at a steady 

state flow. Steady state flow in radial flow is given by : 

 

∫
𝑀. 𝑑𝑟

𝑟

𝑟𝑟𝑒𝑠

𝑟𝑤

= − ∫
2𝜋. 𝑘ℎ

𝜗. 𝜇
. 𝑑𝑝

𝑝𝑟𝑒𝑠

𝑝𝑤𝑓

                                                           (6) 

  

𝑀. [ln(𝑟𝑟𝑒𝑠) − ln(𝑟𝑤)] = −
2𝜋. 𝑘ℎ

𝜗. 𝜇
(𝑝𝑟𝑒𝑠 − 𝑝𝑤𝑓)                                             (7) 

    

𝑀 = −
2𝜋. 𝑘ℎ. (𝑝𝑟𝑒𝑠 − 𝑝𝑤𝑓)

𝜗. 𝜇. ln (
𝑟𝑟𝑒𝑠
𝑟𝑤

)
                                                             (8) 

 

where 𝑀 is total mass flow; 𝑘ℎ is permeability thickness product; 𝑝𝑟𝑒𝑠  is reservoir pressure; 𝑝𝑤𝑓 is bottom 

well flowing pressure; 𝜇 is dynamic viscosity; 𝜗 is specific volume; 𝑟𝑟𝑒𝑠 is reservoir radius (m); 𝑟𝑤 is the 

wellbore radius (m). Equation (8) can also be reported as a function of the productivity index (𝑃𝐼) as follows: 

 

𝑀 = 𝑃𝐼 (𝑝𝑟𝑒𝑠 − 𝑝𝑤𝑓)                                                                       (9) 
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𝑃𝐼 =
2𝜋. 𝑘ℎ

𝜗. 𝜇 ln (
𝑟𝑟𝑒𝑠
𝑟𝑤

)
                                                                       (10) 

       

Equation (8) can be used for wellbore simulation and to check the accessible reservoir radius should be for 

the well to produce geothermal fluid to the surface continuously (Figure 7). 

 

Figure 7: Overview of radial flow model to obtain reservoir radius. 

The radial flow model of equation (8) was used to calculate the reservoir radius. Table 6 gives an overview 

of the result for ten wells from the Ulubelu geothermal field in Indonesia. The maximum discharge rates were 

calculated using the wells injectivity (see Figure 4). 

The reservoir radius (𝑟𝑟𝑒𝑠) is the accessible radius at a main feed zone. 𝑝𝑤𝑓 is the flowing wellbore pressure 

calculated using wellbore simulation with input data from testing the nearby wells. 

In general, a non-self-discharge well has a small 𝑟𝑟𝑒𝑠. This means that the well does not have enough energy 

to release the fluid from the reservoir into the wellbore and then to the surface. This is when permeability 

stimulation methods are needed to increase the 𝑟𝑟𝑒𝑠 until the well continuously discharges. Figure 8 show 

that, the higher mass flow is the lower 𝑟𝑟𝑒𝑠. Based on this (Figure 8) the well will self-discharge when 𝑟𝑟𝑒𝑠 is 

more than 35 m. 

Table 6: The calculated reservoir radius and the relation with the well discharge conditions. 

Well Mass Flow (kg/s) Enthalpy (kJ/kg) rres (m) Well Condition 

UBL-8 130.24 1171 24.72 Non-Self-Discharge 

UBL-11 188.61 1269 12.05 Non-Self-Discharge 

UBL-5 125.19 1040 28.71 Non-Self-Discharge 

UBL-7 160.1 1096 22.47 Non-Self-Discharge 

UBL-14 98.56 1230 13.95 Non-Self-Discharge 

UBL-25 137.1 1173 23.38 Non-Self-Discharge 

UBL-26 179.67 1186 17.66 Non-Self-Discharge 

Pwh Note :

1. q from injectivity test

2. pres from P&T profile

3. kh from fall off test

DP

Pwf Pwf

rres
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Well Mass Flow (kg/s) Enthalpy (kJ/kg) rres (m) Well Condition 

UBL-28 98.26 1042 28.59 Non-Self-Discharge 

UBL-15 130.76 1284 36.28 Self-Discharge 

UBL-16 47.36 1282 35.00 Self-Discharge 

 

 

Figure 8: The relation between the predicted maximum well discharge and reservoir radius. 

This method also depends on several measured and estimated parameters that might not be available prior to 

discharging the well and should not be the first choice for predicting discharge.  

2.4 Numerical Radial Modelling 

Numerical reservoir modeling techniques can be used to simulate and match the geothermal reservoir 

behaviour. Numerical simulators are commonly used for pressure transient analysis, production-injection 

forecasts, formation permeability estimation and conceptual model development (McLean et al., 2016; 

Moyaa, et al., 2003; O’Sullivan, et al. 2001; Tanaka and Itoi, 2010). 

The TOUGH2 geothermal simulator is used in this work to predict the ability of a well to discharge the fluid 

from the wellbore to the surface. TOUGH2 uses numerical method for solving the non-isothermal two-phase 

flow through a porous and fractured medium (Gudmundsdottir et al., 2013).  

A simple one dimensional radial model with 100 m of radius and 50 grid blocks representing a single vertical 

well with a given depth and the reservoir fluid flow radially around the wellbore.  The total wellbore pressure 

drop from the initial water level to the main feed zone is used when setting up the numerical modelling in 

TOUGH2. This prediction can be done with a TOUGH2 simulator by matching permeability and 

deliverability of the well. The result from the TOUGH2 simulator is the mass production with time, will show 

the possibility of the well to continuously discharge to the surface.  
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The output of well deliverability simulation is a time-production curve (Marcolini and Battistelli, 2012).  In 

general, the well on deliverability simply use equation (8) by specifying the productivity index (𝑃𝐼) and the 

bottom hole pressure (𝑝𝑤𝑓). Other input parameters include the reservoir thickness, porosity, permeability, 

thermal conductivity and specific heat of the rock. 

Self-discharge wells will produce a measureable mass flow rate (e.g. > 10 kg/sec), while, non-self-discharge 

wells produces insignificant (almost zero) flowing mass flow rate (Table 7). Table 7 shows that the simulation 

of well discharge prediction has been successful to predict well discharge. This demonstrates that numerical 

reservoir simulator can be used for well discharge prediction. 

Table 7: Numerical simulation result for several wells from Indonesia. 

Well 
Actual Discharge 

Mass Flow (kg/s) 

Enthalpy 

(kJ/kg) 

Mass Flow from 

TOUGH2 

Well  

Type 

UBL-8 0.00 1171 0.05 Non-Self-Discharge 

UBL-2 56.32 1243 40.20 Self-Discharge 

UBL-15 121.73 1275 103.80 Self-Discharge 

UBL-16 47.39 1282 40.60 Self-Discharge 

LHD-37 60.62 1120 57.30 Self-Discharge 

LMB-3/3 138.72 1090 134.60 Self-Discharge 

LMB-3/4 49.52 1255 43.08 Self-Discharge 

KRH-5/1 20.95 1677 18.95 Self-Discharge 

TLG-3/1 18.68 2455 16.87 Self-Discharge 

 

Similar to the liquid hold-up method and analytical radial model, reservoir simulation require significant 

input parameters that are not all available prior to the production testing. 

2.5 The Relation between Water Column Length and Well Discharge Prediction 

A well with a short water column will have a high chance to self-discharge. A long water column inside the 

well will increase the hydrostatic pressure head on the feed zone reduces the probability of the well to be self-

discharge. This is because the reservoir pressure needs to overcome the cold static fluid column and replacing 

it with hot reservoir fluid which will then boil and sustain flow. Practical observation using field data from 

several wells show that the distance from the static water level to the feed zone in a shut geothermal well is 

a very good indicator. The relationship between the lengths of the water column and feed zone temperature 

are shown in Table 8 and Figure 9. 

Table 8: The summary of water level-feed zone distance for several wells (Mubarok and Saptadji, 2015). 

Field 
Elevation 

(masl) 
Well 

Water level-feed 

zone distance (m) 

Static fluid 

pressure (bara) 

Reservoir 

pressure (bara) 

Feed zone 

temperature (⁰C) 
Well Category 

Sungai Penuh 1222 KRC-B/1 1207 121 102 209 Non-Self-Discharge 

Hululais 1041 HLS-A/1 1117 112 88 234 Non-Self-Discharge 
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Field 
Elevation 

(masl) 
Well 

Water level-feed 

zone distance (m) 

Static fluid 

pressure (bara) 

Reservoir 

pressure (bara) 

Feed zone 

temperature (⁰C) 
Well Category 

Hululais 966 HLS-C/1 1133 113 98 299 Non-Self-Discharge 

Lumut Balai 910 LMB-A/2 1152 115 92 244 Non-Self-Discharge 

Ulubelu 768 UBL-5 658 66 51 240 Non-Self-Discharge 

Ulubelu 768 UBL-7 797 80 44 262 Non-Self-Discharge 

Ulubelu 768 UBL-8 920 92 86 257 Non-Self-Discharge 

Ulubelu 768 UBL-27 996 100 42 242 Non-Self-Discharge 

Ulubelu 851 UBL-3 1446 145 115 253 Non Self-Discharge 

Ulubelu 821 UBL-11 1331 133 113 283 Non-Self-Discharge 

Ulubelu 821 UBL-14 1319 132 114 277 Non-Self-Discharge 

Ulubelu 770 UBL-25 641 64 55 255 Non-Self-Discharge 

Ulubelu 770 UBL-26 1341 134 110 257 Non-Self-Discharge 

Ulubelu 770 UBL-28 699 70 66 258 Non-Self-Discharge 

Ulubelu 770 UBL-30 682 68 54 246 Non-Self-Discharge 

Sibayak 1386 SBY-1 998 100 100 239 Non-Self-Discharge 

Sibayak 1386 SBY-2 941 94 78 204 Non-Self-Discharge 

Sibayak 1468 SBY-3 958 96 118 257 Non-Self-Discharge 

Sibayak 1468 SBY-4 1250 125 105 247 Non-Self-Discharge 

Sibayak 1468 SBY-5 900 90 90 236 Non-Self-Discharge 

Lumut Balai 1240 LMB-3/3 318 32 44 248 Self-Discharge 

Lumut Balai 1240 LMB-3/4 334 33 53 211 Self-Discharge 

Lumut Balai 910 LMB-A/3 582 58 63 239 Self-Discharge 

Ulubelu 851 UBL-2 330 33 57 258 Self-Discharge 

Ulubelu 851 UBL-15 353 35 59 273 Self-Discharge 

Ulubelu 851 UBL-16 466 47 63 255 Self-Discharge 

Karaha 1445 KRH-5/1 298 30 41 248 Self-Discharge 

Karaha 1421 TLG-3/1 50 5 67 278 Self-Discharge 

Lahendong 873 LHD-37 329 33 63 236 Self-Discharge 
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Figure 9: The distance between the water level and the feed zone depth. 

 

Figure 9 shows that the distance from water level to the feed zone inside the well can be used for discharge 

prediction, the shorter the distance, the higher probability for the well to self-discharge. If the distance is 

between 0-600 m, the well will likely be self-discharge, while, when the distance is more than 600 m, the 

well will not self-discharge. Note this criterion works for wells with feed zone temperature higher than 200°C 

(Figure 9). In addition, the reservoir pressure can also be used to predict a well discharge. Self-discharge 

wells will have a higher reservoir pressure than hydrostatic pressure (head) (Table 8). However, having lower 

reservoir pressure than hydrostatic pressure will not always mean non-self-discharge wells. 

2.6 Summary of discharge prediction methods  

A summary of the five well discharge prediction methods discussed above, show that all these methods can 

provide reasonable predictions. However, from a practical point of view, the  𝐴𝑓/𝐴𝑐 ratio method requires 

input parameters that are normally available from completion testing. It is recommended as the first choice 

as it is more established and the most widely used method. The distance between water level and feed zone 

method presented in this work is also very promising, simple and requires the least number of input 

parameters. While the other methods are more data intensive and require data from accurate well test analysis 

(e.g. Productivity Index, reservoir permeability, reservoir enthalpy) and also few assumptions (e.g. bottom 

hole pressure), therefore they might not be the first option.  

It is likely that the above discharge prediction methods will work for non-conventional geothermal wells 

particularly enhanced geothermal systems (EGS). However, this has not been explicitly tested due to the 

limited published information. While geothermal wells in low temperature geothermal systems (e.g. deep 

sedimentary basins) are unlikely to self-discharge and the above methods can help identify that.  

 

3. WELL DISCHARGE STIMULATION TECHNIQUES 

Once it is established (predicted) that the newly drilled geothermal well will not or unlikely to self-discharge. 

Well discharge stimulation techniques will be considered if the well is to become a producer. This is to 

determine the appropriate well stimulation technique and allow cost optimization. 

In general, there are five methods for promoting well discharge, this is including: air compression, well-to-

well injection, nitrogen injection, airlifting and steam heating by boiler. Each method has advantages and 

disadvantages and the application of these methods depends on the initial well conditions. 

The fundamental principle of the method is to reduce the density of the water column, to decrease the height 

of the water column inside the casing or heat the casing. When this is done, the hydrostatic pressure will 

decrease therefore the reservoir pressure will be higher than the hydrostatic pressure. Reservoir pressure will 

have the ability to continuously uplift the fluid inside the casing and the reservoir fluid to the surface. At a 
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certain depth, flashing of the liquid will happen due to the pressure drop in the borehole and the dryness will 

increase continuously from flashing point to the wellhead (Figure 10). 

 

 

Figure 10: The schematic diagram of the boiling process in the wellbore. 

3.1. Air Compression Discharge Stimulation 

A compressor is connected to one of the wellhead side valves to inject pressurised air from a compressor that 

depress the water level and push all the cold water from the wellbore into the hot formation. By doing so the 

hydrostatic pressure will be lower than the reservoir pressure (Figure 11a). After pushing water level below 

the casing shoe (CS) and allowing enough time for the cold water to heat up by the hot reservoir rock. The 

wellhead valve is opened suddenly to create the effect of buoyancy. The illustration drawing of air 

compression well stimulation facilities is shown in Figure 11b. 
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Figure 11: (a) Schematic of air compression stimulation (b) The facilities for air compression stimulation. 

Air compression stimulation is the simplest and cheapest method with a proven high success rate compared 

with other methods.  At the same time, this method does not need complicated facilities, mobilization or 

installation (Sarmiento, 2011). One of the disadvantages of this method is casing cracking due to sudden 

thermal (shock) from the flowing fluids during well discharge. It should be considered with caution in high 

temperature (> 300⁰C) wells. 

3.2. Well to Well Stimulation 

Well-to-well stimulation can be a good choice when self and non-self-discharge wells are in the same 

cluster/pad. The basic principle of this method is injecting two-phase fluid from the self-discharge (sender) 

well to the non-self-discharge (receiver) well for at least 24 hours.  
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The two-phase fluid from the sender well will heat up the casing and water column of the receiver well 

(Figure 12). The driving forces which significantly contribute to the stimulation in this method are heat and 

pressure. 

 

Figure 12: The schematic diagram of well-to-well stimulation. 

This method has the highest probability to stimulate the discharge of a non-self-discharge well. There are two 

ways to do this: injection through the 2-3 inch side valves or through the 10 inch or 12 inch main line. Siega 

et al. (2005) showed that injection of two-phase fluid into the receiver well through the main line is better 

than using the side valve (Figure 13) as shown in Table 9. This is because the heat and mass from the sender 

well will flow through the larger pipeline preventing condensation in the receiver well. It is simply a case of 

higher heating rate result in higher chance of well discharge. Table 9 gives data of well-to-well injection 

effectiveness from several geothermal fields. 

 

Figure 13. Well-to-well stimulation through temporary connection through the side valves (picture from the 

Ohaaki geothermal field, courtesy of Dr. Juliet Newson, Contact Energy Ltd.)  

Table 9: Summary of well-to-well injection in several geothermal fields (Mubarok and Saptadji, 2015; Siega 

et al., 2005). 
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Field 

Location 
Field Name 

Well Name Duration of 

Injection 

Injection 

Line 

Diameter (in) 

Date Result References 
Source Receiving 

Philippines Mahanagdong MG19 MG32D 2 days 2 Jul 1998 No Discharge Siega et al. (2005) 

Philippines Mahanagdong MG23D MG32D 2 days 2 Jul 1998 No Discharge Siega et al. (2005) 

Philippines Mahanagdong MG32D MG23D 3 days 2 Jan 1998 No Discharge Siega et al. (2005) 

Philippines Mahanagdong MG31D MG31D 50 mins 10 July 1997 Discharge Siega et al. (2005) 

Philippines Mahanagdong MG19 MG32D 55 mins 10 Aug 1998 Discharge Siega et al. (2005) 

Philippines Mahanagdong MG19 MG33D 1 hr, 20 mins 10 Nov 1999 Discharge Siega et al. (2005) 

Philippines Mahanagdong MG19 MG32D 40 mins 10 Nov 1999 Discharge Siega et al. (2005) 

Indonesia Sibayak SBY-5 SBY-3 3 hrs 10 May 2009 Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-8 UBL-5 4 hrs 12 Feb 2010 Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-8 UBL-6 4 hrs 12 Feb 2010 Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-8 UBL-7 4 hrs 12 Feb 2010 Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-15 UBL-3 3.5 hrs 12 Jun 2011 Discharge Mubarok and Saptadji (2015) 

Indonesia Ulubelu UBL-11 UBL-14 4 hrs 12 Jul 2011 Discharge Mubarok and Saptadji (2015) 

Indonesia Tompaso LHD-31 LHD-27 4 hrs 12 Aug 2011 Discharge Mubarok and Saptadji (2015) 

Indonesia Tompaso LHD-31 LHD-34 4 hrs 12 Aug 2011 Discharge Mubarok and Saptadji (2015) 

 

Table 9 shows that well-to-well injection is an effective method in well stimulation and it takes place in a 

short time. In practice, it is better to stimulate the well through a main pipe rather than the bleed line. Figure 

14 gives a schematic diagram for well-to-well stimulation using the main (permanent) pipelines. 

 

Figure 14: The schematic diagram of well-to-well stimulation connecting through the main pipeline. 

3.3 Nitrogen Injection Well Stimulation 

Gas injection is one of the common stimulation methods in oil and gas wells (Aqui, 1996). In geothermal 

applications, the stimulation gas is usually nitrogen (N2). Aqui (1996) showed that nitrogen is the best gas 
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for discharge stimulating geothermal wells because it is chemically stable, non-corrosive, low solubility, inert 

and non-toxic. The concept is to inject the nitrogen through a coil tubing unit into the main feed zone of the 

well. After a period of time the gas mixes with water and decreases the density of the cold water column. 

Nitrogen injection is considered to be the last resort for discharge stimulation. Experience showed that if this 

technique does not work, then the well will not discharge. This is when permeability stimulation maybe 

considered (e.g. to increase the permeability and effective reservoir radius) or the well is installed with a 

down-hole pump or alternatively not used for production. The decision to use down-hole pumps will have 

major implication on CAPEX and OPEX costs and the type of above ground utilization technology.  

The main equipment needed for this method are a coil tubing unit (CTU), a liquid nitrogen tank, a pumping 

unit and a nitrogen gasification (Aqui, 1996). The illustration of the nitrogen injection for geothermal well 

discharge stimulation is presented in Figure 15. 

 

Figure 15: Main equipment setup for Nitrogen injection during discharge stimulation. 

The high cost of this method makes it the last option when other methods do not successfully help the 

discharge of a well (Bacquet et al., 2014).  This method has been applied in the Sibayak (North Sumatera, 

Indonesia) field in five wells from 1993 until 1995. Furthermore, the case study from Ohaaki, New Zealand 

shown that the nitrogen injection method has been successful to discharge a non-self-discharge well (Hanik, 

2014). History of nitrogen injection in Indonesia and the Philippines is shown in Table 10. 

Table 10: Summary of nitrogen injection stimulation in several geothermal fields (Aqui, 1996; Mubarok and 

Saptadji, 2015). 

Field 

Location 

Field 

Name 

Well 

Name 

Gas Volume 

Consumed (gals) 
Well Discharge Remarks References 

Indonesia Sibayak SBY-1 3600-4000 Successful Poor Producer Mubarok and Saptadji (2015) 

Indonesia Sibayak SBY-2 3600-4000 Not Successful Poor Producer Mubarok and Saptadji (2015) 

Nitrogen (N2)

Pumping Unit

Coiled tubing unit

(CTU)
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Field 

Location 

Field 

Name 

Well 

Name 

Gas Volume 

Consumed (gals) 
Well Discharge Remarks References 

Philippines Unknown BL-2D 3600-4000 Not Successful Poor Producer A. Aqui (1996) 

Philippines Unknown LB-4D 3600-4000 Not Successful Poor Producer A. Aqui (1996) 

Philippines Unknown PS-1D 3600-4000 Not Successful Poor Producer A. Aqui (1996) 

Philippines Unknown SG-1 3600-4000 Not Successful Poor Producer A. Aqui (1996) 

Indonesia Sibayak SBY-4 1000-2000 Successful Average Producer Mubarok and Saptadji (2015) 

Philippines Unknown HG-1D 1000-2000 Successful Average Producer A. Aqui (1996) 

Philippines Unknown LB-1D 1000-2000 Successful Average Producer A. Aqui (1996) 

Philippines Unknown LB-5D 1000-2000 Successful Average Producer A. Aqui (1996) 

Philippines Unknown MG-15D 1000-2000 Successful Average Producer A. Aqui (1996) 

Philippines Unknown MG-18D 1000-2000 Successful Average Producer A. Aqui (1996) 

Philippines Unknown PT-1D 1000-2000 Successful Average Producer A. Aqui (1996) 

Philippines Unknown SK-3D 1000-2000 Successful Average Producer A. Aqui (1996) 

Indonesia Sibayak SBY-3 400-1000 Successful Good Producer Mubarok and Saptadji (2015) 

Indonesia Sibayak SBY-5 400-1000 Successful Good Producer Mubarok and Saptadji (2015) 

Philippines Unknown LB-3D 400-1000 Successful Good Producer A. Aqui (1996) 

 

From Table 10, the volume of liquid nitrogen consumption is different for each well. Aqui (1996) summarised 

the relationship between nitrogen consumption and the well condition, as presented in Table 11.  

Table 11: The relation between the volume liquid nitrogen injection and well type (Aqui, 1996). 

Well Type Liquid Nitrogen consumption (gals) Information 

Good Producer 400-1000 Nitrogen tank capacity is 2000 

gals/tank Average Producer 1000-2000 

Poor Producer 3600-4000 

 

The schematic diagram of nitrogen injection is shown in Figure 16. The pressure and temperature profile of 

a non-self-discharge well (initial condition) should be placed in one graph and it will be used to determine 

the water level, submergence (𝐿𝑠𝑢𝑏), total lift (𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒) and saturated pressure (𝑃𝑠𝑎𝑡) at a main permeable zone 

(MPZ). Then, a new pressure profile during nitrogen injection can be predicted as shown in Figure 16. The 

minimum depth for nitrogen injection target can be predicted by the submergence ratio (𝑆𝑟), where 𝑆𝑟 is the 

ratio of 𝐿𝑠𝑢𝑏 and 𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒. The higher the submergence ratio is the higher the possibility for well discharge.  
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Figure 16 Schematic graph of Nitrogen injection (modified from Aqui (1996)). 

The estimation of nitrogen injection volume for a non-self-discharge well can be calculated using the 

following questions:  

 

𝑑𝑃 = (𝑃𝑠𝑎𝑡 − 𝑃)                                                                               (11) 

 

  𝑑𝐿 = 𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒                                                                                 (12) 

 

𝑑𝑃

𝑑𝐿
=

(𝑃𝑠𝑎𝑡 − 𝑃)

𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒
                                                                            (13) 

 

where 𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒 (𝑑𝐿) is the total length of air pipe, 
𝑑𝑃

𝑑𝐿
 is a gradient of differential pressure, 𝑃 is a measured 

pressure at MPZ, 𝑃𝑠𝑎𝑡 is a saturated pressure at MPZ based on the temperature profile (T), 𝑑𝑃 is a differential 

pressure between 𝑃𝑠𝑎𝑡  and 𝑃. Then the value of mixture density (𝜌
𝑚𝑖𝑥

) and specific volume (𝜗𝑚𝑖𝑥) can be 

estimated. 
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𝜌𝑚𝑖𝑥 =
(

𝑑𝑃
𝑑𝐿

)

𝑔
                                                                                    (14) 

𝜗𝑚𝑖𝑥 =
1

𝜌𝑚𝑖𝑥
                                                                                     (15) 

 

A specific volume of nitrogen (𝜗𝑔𝑎𝑠) is estimated by combined gas law (Boyle, Charles and Gay-Lussac’s 

laws). 

 

𝑝1. 𝜗1.

𝑇1
=

𝑝2. 𝜗2.

𝑇2
                                                                                 (16) 

 

where 𝑝
1
, 𝜗1 and 𝑇1 are pressure, specific volume and temperature at standard temperature and pressure (STP) 

conditions. While, 𝑝2, 𝜗2 and 𝑇2 are differential pressure (𝑑𝑃), specific volume of nitrogen (𝜗𝑔𝑎𝑠) and average 

temperature of water column in a wellbore. Then, the new arrangement of the equation is: 

 

𝜗𝑔𝑎𝑠 =
(𝑝1. 𝜗1. 𝑇2)

(𝑑𝑃. 𝑇1)
                                                                       (17) 

 

The nitrogen gas fraction in the mixture fluids (𝑥) can be calculated using equation 18. 

 

𝑥 =
(𝜗𝑚𝑖𝑥 − 𝜗𝑤𝑎𝑡𝑒𝑟)

(𝜗𝑔𝑎𝑠 − 𝜗𝑤𝑎𝑡𝑒𝑟)
                                                                  (18) 

 

where 𝜗𝑤𝑎𝑡𝑒𝑟 is a specific volume of water at temperature 𝑇2. The velocity of nitrogen gas bubble (𝑣𝑔𝑎𝑠) through 

a casing in a wellbore can be determine by following equations (Kelessidis and Dukler, 1990). 

 

𝑣𝑔𝑎𝑠 = 0.2935(2. 𝑔. 𝐷𝑐ℎ)0.5                                                        (19) 

 

𝐷𝑐ℎ = 𝜋. (𝑅1 + (
𝑅0 − 𝑅1

2
))                                                     (20) 
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where 𝑔 is the gravitational acceleration, 𝐷𝑐ℎ is a pipe characteristic diameter, 𝑅0 is a radius of wellbore casing 

and 𝑅1 is a radius of tubing. Then a rise time of the nitrogen can be determined by (Stenning and Martin, 

1968):  

 

𝑅𝑖𝑠𝑒 𝑇𝑖𝑚𝑒 =
𝐿𝑠𝑢𝑏

𝑣𝑔𝑎𝑠
                                                                (21) 

 

Based on the equations from Freeston (1980), the volume of nitrogen can be estimated.  

 

𝛼 =
1

1 + (
1 − 𝑥

𝑥 )
0.8

. (
𝜗𝑤𝑎𝑡𝑒𝑟

𝜗𝑔𝑎𝑠
)

0.515                                                (22) 

 

𝑊 =
𝐴𝑎𝑛𝑛. (1 − 𝛼)𝑣𝑔𝑎𝑠

𝜗𝑔𝑎𝑠
                                                          (23) 

 

𝑉𝑔𝑎𝑠 = 𝑊. 𝑅𝑖𝑠𝑒 𝑡𝑖𝑚𝑒                                                         (24) 

 

where 𝛼 is a void fraction, 𝑊 is a mass flowrate of nitrogen, 𝐴𝑎𝑛𝑛 is annulus area and 𝑉𝑔𝑎𝑠 is a volume of 

nitrogen during discharge stimulation. Table 12 gives a summary of the volume of liquid nitrogen calculation 

for some of the wells in the Philippines. 

Table 12: Summary of liquid nitrogen calculation of the wells in Philippines geothermal field (A. Aqui, 1996) 

Well 

Name 

MPZ 

Depth 

Water 

Level 

Depth 

𝒅𝑷 
Total 

Lift  
𝝆𝒎𝒊𝒙 𝑻𝟐 𝝑𝒈𝒂𝒔 𝝑𝟐 𝒙  𝒗𝒈𝒂𝒔 𝜶 𝑾 

Rise 

Time 
 𝑽𝒈𝒂𝒔 

  (m) (m) (MPa) (m) (kg/m3) (⁰C) (m3/kg) (m3/kg)   (m/s)   (kg/s) (s) (gals) 

BL-2D 1582 1157 2.70 1234 223.15 179 0.099 0.00113 0.03 0.63 0.41 0.17 123 7 

HG-2D 1805 350 11.93 1648 738.01 109 0.019 0.00105 0.02 0.63 0.15 1.26 2073 852 

LB-1D 2500 350 15.55 2052 772.54 139 0.017 0.00108 0.01 0.63 0.12 1.44 2719 1276 

LB-3D 1900 150 13.40 1542 885.92 87 0.016 0.00103 0.01 0.63 0.07 1.64 2223 1189 

LB-4D 2000 1023 11.41 1671 696.13 120 0.020 0.00106 0.02 0.63 0.17 1.15 1035 386 

LB-5D 2587 400 16.30 2054 809.01 142 0.015 0.00108 0.01 0.63 0.10 1.68 2642 1445 

MG-15D 1677 600 6.51 1238 536.14 85 0.033 0.00105 0.03 0.63 0.24 0.65 1019 216 

MG-18D 1340 600 3.09 893 352.88 71 0.066 0.00102 0.03 0.63 0.33 0.29 468 44 

PS-1D 1999 495 5.50 1130 496.27 157 0.465 0.00110 0.02 0.63 0.24 0.46 1014 152 

PT-1D 1660 450 9.62 1578 621.53 127 0.025 0.00107 0.02 0.63 0.20 0.91 1802 534 

SG-1 1600 1000 1.52 1200 129.23 160 0.169 0.00109 0.04 0.63 0.51 0.08 319 8 
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Well 

Name 

MPZ 

Depth 

Water 

Level 

Depth 

𝒅𝑷 
Total 

Lift  
𝝆𝒎𝒊𝒙 𝑻𝟐 𝝑𝒈𝒂𝒔 𝝑𝟐 𝒙  𝒗𝒈𝒂𝒔 𝜶 𝑾 

Rise 

Time 
 𝑽𝒈𝒂𝒔 

  (m) (m) (MPa) (m) (kg/m3) (⁰C) (m3/kg) (m3/kg)   (m/s)   (kg/s) (s) (gals) 

SK-3D 1811 400 8.76 1486 601.01 217 0.033 0.00118 0.01 0.63 0.16 0.71 1735 400 

 

3.4 Air Lifting Well Stimulation 

The air lifting of well stimulation has the same principle as the nitrogen injection method; however air is 

injected instead of nitrogen (Sarmiento, 1993). The study of air lifting is given by Steins, et al. (2012). The 

governing equation for air lifting is given by: 

 

𝑃𝑠𝑡𝑎𝑡 = 𝜌𝑚𝑖𝑥 (𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒. 𝑔 +
1

2
. �̅�2)                                           (25) 

 

𝐿𝑠𝑢𝑏 . 𝜌𝑙 > 𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒. 𝜌𝑚𝑖𝑥                                                     (26) 

 

𝑆𝑟 =
𝐿𝑠𝑢𝑏

𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒
                                                                  (27) 

 

where 𝑃𝑠𝑡𝑎𝑡 is static pressure head; mix is water-air mixture density; 𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒 is equivalent depth divided by 

length to the air pipe; �̅� is average velocity of the mixture; 𝐿𝑠𝑢𝑏 is submerged air-pipe length; 𝐿𝑎𝑖𝑟 𝑝𝑖𝑝𝑒  is 

total length of the air pipe; and 𝑆𝑟 is submergence ratio (commonly 30-90%). The longer the submerged air-

pipe, the higher the power needed for pumping due to increasing water head pressure (Figure 17).  
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Figure 17: Schematic diagram of air lift well discharge stimulation. 

Although air lifting is a cheaper option than nitrogen injection stimulation, it is still an expensive method 

compared to air compression. Bacquet et al. (2014) showed that the cost of air lifting is about 

US$500,000/well, whereas air compression is ten times lower (about US$50,000/well). Therefore, it is 

reasonable to conclude that air compression well stimulation is a cheaper, more convenient and more 

applicable method than air-lifting. 

3.5 Steam Injection Using a Portable Boiler  

The fundamental process of steam injection using a portable boiler is relatively the same as well-to-well 

stimulation .The main difference is the steam is produced by a portable boiler (Figure 18). When steam enters 

the well it will heat up the casing in order to make the fluid discharge easily. The limitation of this method is 

pressure. If the well requires a high pressure of more than 40 bar g, demineralized water is needed for boiler 

feed water to prevent scaling in the boiler’s tubes. This will be an added complication and cost along with 

the cost of fuel. Steam injection will take a longer time for wells with deep water level (Algopera, 1980). 
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Figure 18: Schematic diagram of steam boiler compression (modified from Algopera (1980)). 

This method is used for remote wells, but it is not commonly implemented by the geothermal industry since 

the cost to mobilise the steam generator and fuel is very high, as it was introduced before nitrogen injection 

became available and more cost effective.  

 

4. WELL STIMULATION METHODS RECOMMENDATION 

Stimulation using air compression is recommended for exploration wells and when no producing wells are 

available nearby. Air compression stimulation requires a compressor to produce air at high pressure. The 

needs of compressed air to stimulate a non-self-discharge well can be calculated using the  𝐴𝑓/𝐴𝑐 ratio 

method (StaAna, 1985).  

Table 13 show the results of the air compression stimulation in Indonesian and Philippine fields. The non-

self-discharge well can be stimulated by the air stimulation method. The compressed air suppress the water 

column until the new value of  𝐴𝑓/𝐴𝑐 ratio is larger than 0.85. The probability of well discharge will increase 

with the decrease in hydrostatic pressure. 

Table 13: The results of air compression well stimulation in Indonesia and Philippines (Mubarok and 

Saptadji, 2015; StaAna, 1985). 

Well 
Well  

Location 

Compression 

Pressure (bar) 

Af/Ac After Air 

Compression 
Result References 

KRC-B/1 Indonesia 50 0.87 Discharge Mubarok and Saptadji (2015) 

HLS-A/1 Indonesia 50 1.85 Discharge Mubarok and Saptadji (2015) 

HLS-C/1 Indonesia 21 1.24 Discharge Mubarok and Saptadji (2015) 

UBL-5 Indonesia 40 0.98 Discharge Mubarok and Saptadji (2015) 

UBL-7 Indonesia 42 0.99 Discharge Mubarok and Saptadji (2015) 

UBL-8 Indonesia 41 0.89 Discharge Mubarok and Saptadji (2015) 

UBL-27 Indonesia 40 1.15 Discharge Mubarok and Saptadji (2015) 

UBL-11 Indonesia 50 0.88 Discharge Mubarok and Saptadji (2015) 

UBL-14 Indonesia 44 0.86 Discharge Mubarok and Saptadji (2015) 

UBL-25 Indonesia 43 1.92 Discharge Mubarok and Saptadji (2015) 

UBL-26 Indonesia 45 1.78 Discharge Mubarok and Saptadji (2015) 

UBL-28 Indonesia 43 1.83 Discharge Mubarok and Saptadji (2015) 

UBL-30 Indonesia 42 1.98 Discharge Mubarok and Saptadji (2015) 

SBY-6 Indonesia 48 0.91 Discharge Mubarok and Saptadji (2015) 

WELL HEAD
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Well 
Well  

Location 

Compression 

Pressure (bar) 

Af/Ac After Air 

Compression 
Result References 

SBY-8 Indonesia 48 0.88 Discharge Mubarok and Saptadji (2015) 

SBY-3 Indonesia 39 0.86 Discharge Mubarok and Saptadji (2015) 

SBY-5 Indonesia 40 1.13 Discharge Mubarok and Saptadji (2015) 

PAL6D Philippines 11 1.84 Discharge StaAna (1985) 

PAL7D Philippines 9.4 2.68 Discharge StaAna (1985) 

PAL9D Philippines 17.2 0.87 Discharge StaAna (1985) 

PAL3RD Philippines 16.2 1.24 Discharge StaAna (1985) 

PN4RD Philippines 9 1.83 Discharge StaAna (1985) 

PN15D Philippines 18 1.38 Discharge StaAna (1985) 

OK9D Philippines 25 1.5 Discharge StaAna (1985) 

101 Philippines 54 5.56 Discharge StaAna (1985) 

102 Philippines 50 3.74 Discharge StaAna (1985) 

2R40 Philippines 37 2.6 Discharge StaAna (1985) 

213 Philippines 27 2.02 Discharge StaAna (1985) 

406 Philippines 24 2.1 Discharge StaAna (1985) 

408 Philippines 24 1.9 Discharge StaAna (1985) 

3R1D Philippines 92 1.99 Discharge StaAna (1985) 

3R4 Philippines 24 1.48 Discharge StaAna (1985) 

314D Philippines 14 1.26 Discharge StaAna (1985) 

PAL1 Philippines 25 0.34 Not Discharge StaAna (1985) 

PAL3D Philippines 15.7 0.58 Not Discharge StaAna (1985) 

PAL1RD Philippines 61.5 0.76 Not Discharge StaAna (1985) 

MO2 Philippines 78 0.3 Not Discharge StaAna (1985) 

MO3 Philippines 30.5 0.38 Not Discharge StaAna (1985) 

PB1 Philippines 8.5 0.22 Not Discharge StaAna (1985) 

OK6 Philippines 63 0.33 Not Discharge StaAna (1985) 

OK8 Philippines 10.1 0.64 Not Discharge StaAna (1985) 

DN1 Philippines 20 0.15 Not Discharge StaAna (1985) 

5R7 Philippines 16 0.71 Not Discharge StaAna (1985) 

502 Philippines 78 0.42 Not Discharge StaAna (1985) 

509 Philippines 30 0.65 Not Discharge StaAna (1985) 

 

The amount of air compression pressure needed for each well will be different depending on the depth of the 

water level, pressure, temperature, permeability and well productivity index. The effectiveness of the air 

compression stimulation method can be predicted by the  𝐴𝑓/𝐴𝑐 method as shown above. 

The air compression method will be uneconomical and difficult to implement when the air compression 

pressure is greater than 100 bar. Furthermore, the cost required will be high, approximately 200,000 US$/well 

(Mubarok and Saptadji, 2015). In addition, it will be very difficult to operate the master valve because it 

might be nearing the maximum allowable working pressure (MAWP).  

Well-to-well stimulation is recommended for discharge stimulation if there is an existing producing well in 

the near vicinity. This method does not require special equipment, but only a pipeline connecting the sender 

well to the well that is being stimulated. The two-phase fluid with a high temperature and pressure will heat 

up the water column and production casing. Moreover, the thickness and density of the cold water column 

will be reduced significantly. The hydrostatic pressure will decrease when the high pressure and temperature 

two-phase fluid is injected into a non-self-discharge well. Well-to-well injection will be more effective if 
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carried through the main pipeline (10” or 12”) rather than through the (2” or 3”) side valves (Siega et al., 

2005). 

In general, the air compression and well-to-well stimulation methods are simple, flexible and low cost. Thus 

these two methods should be considered first to stimulate non-self-discharge wells. 

Figure 19 summaries the work flow path when predicting the discharge behaviour and the recommended 

discharge stimulation techniques.  

 

Figure 19: Well discharge classifications. 

 

5. CONCLUSION 

A review of geothermal well discharge prediction and stimulation methods were investigated using published 

data and author’s experience. 

All existing (known) well discharge prediction methods: ( 𝐴𝑓/𝐴𝑐) ratio, liquid hold-up, analytical radial flow 

simulation, numerical radial model, and water column length) were applied to data from 62 wells from 

Indonesian, Philippine, Costa Rica, Iceland, Iran, Mexico and Kenya. It was found that all methods have good 

accuracy when predicting well discharge. However, the  𝐴𝑓/𝐴𝑐 ratio and water column length methods are 

simpler to implement than the other three methods, as it requires the least input parameters. 

Five discharge stimulation techniques have also been identified and reviewed. This is including air 

compression, well-to-well injection, nitrogen injection, air lifting, and steam injection from a portable boiler. 

Air compression and well-to-well stimulation methods should be the first option when considering discharge 

stimulation. When compared with the other three methods, both methods shows good result when stimulating 

non-self-discharge wells in terms of flexibility, probability, implementation time and cost. 
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