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ABSTRACT  

In 1996 a geothermal energy project was initiated at Klaipėda, Lithuania, to demonstrate the feasibility of using low enthalpy 

geothermal water  as a renewable energy resource in district heating systems. The Klaipėda geothermal plant is situated within the West 

Lithuanian geothermal anomaly with a relatively high heat flow density of 70-90 mW/m2 and contains two geothermal injectors and 

producers. The injectivity of the wells has been deteriorating ever since plant start-up due to chemical precipitation, fines mobilization 

and scaling. In November 2014, radial jetting technology was identified as a possible solution for enhancing injectivity of the wells.  

With radial jet drilling, several open hole laterals of 100 m maximum length and with a diameter of 0.03 m to 0.05 m are jetted from the 

main well bore in order to enhance the connectivity of the well to the rock and thereby the well productivity or injectivity. In one of the 

injection wells at Klaipėda, 12 horizontal laterals of around 40 m in length were jetted in a number of highly permeable layers present in 

the aquifer. Production data post drilling of the laterals suggest an improvement in injectivity of approximately 14%. A base case 

scenario was constructed based on the specifications of the radial jetting job at Klaipėda. For the base case scenario, assuming the 

laterals were all jetted according to the specifications, the increase in injectivity was estimated at 56%. An uncertainty analysis was 

carried out to investigate the impact of uncertainties in the length, positioning, diameter, inclination, and pre-existing near wellbore 

damage of the laterals on the water injection rate. The sensitivity of the injection rate to uncertainties in the lateral design parameters 

varies between 2.2% and 13.4% for the parameters evaluated. 

1. INTRODUCTION 

In 1996 a geothermal energy project was initiated at Klaipėda, Lithuania, to demonstrate the feasibility of using low enthalpy 

geothermal water  as a renewable energy resource in district heating systems (Radeckas & Lukoksevicius, 2000). The Klaipėda 

geothermal plant is situated within the West Lithuanian geothermal anomaly with a relatively high heat flow density of 70-90 mW/m2. 

The reservoir is composed of a fine-grained friable sandstone (fine and medium grained) from the Lower Devonian called the Kemeri 

formation (Šliaupa, 2016). Relatively thin layers with high permeability are embedded between thicker layers of fine grained material 

with low permeability. In total four wells were drilled: two injectors and two producers. Production started in 2000. The injectivity of 

the wells has been deteriorating ever since plant start-up due to chemical precipitation, fines mobilization and scaling  (Šliaupa, 2016).  

In November 2014, radial jetting technology was identified as a possible solution for enhancing injectivity of the wells. With radial jet 

drilling (RJD), several open hole laterals of 100 m maximum length and with a diameter of 1 to 2 inch are jetted from the main well 

bore in order to enhance the connectivity of the well to the rock and thereby the well productivity or injectivity  (Buset, et al., 2001, 

Ragab & Kamel, 2013, Peters, et al., 2016). The jet nozzle used for jetting the laterals has a number of forward and backward jets and is 

conveyed on mini coiled tubing. The forward facing jets provide the required erosion of the rock surface and the backward facing jets 

cause the forward motion by pushing the nozzle forward. The laterals are created with a 90° or 45° angle from the main well bore and 

its azimuth can be controlled at the start. However, once the jet nozzle is in the formation, it is not steerable and relies on the stiffness of 

the jetting hose and the symmetry of the forward thrust generated by the backward facing jets to maintain inclination and azimuth. 

Experience with RJD comes mostly from the petroleum industry (Peters, et al., 2016) with limited applications in geothermal wells. The 

production increase resulting from using this technology is highly varied (Peters, et al., 2016) and there are still some clear questions 

regarding the technology, its performance in different geological settings and also long term (>5 year) performance.  

At the Klaipėda site, well 1I was selected for RJD. The original well 1I was drilled in 1997. The well was vertical and plugged back at 

1125 m MD RT. In 2008/2009 the original backbone was abandoned and a new sidetrack 1I(A2) was drilled with an inclination of 3° to 

5° with respect to the vertical (Šliaupa, 2016) and azimuth around 180°. The side track was completed in December 2008. In this 

sidetrack, 12 horizontal laterals of around 40 m in length were planned in a number of highly permeable layers present in the aquifer. 

The planned laterals were set to kick off in the middle of the most productive reservoir intervals in three different productive layers: 

- 1st layer (1037.5 - 1040.0 m) start depth: 1039.0 ± 0.5 m 

- 2nd layer (1095.0 - 1097.5 m) start depth: 1096.5 ± 0.5 m 
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- 3rd layer (1104.0 - 1107.5 m) start depth: 1106.0 ± 0.5 m 

For each layer four laterals with a length of 40 ± 0.5 m and a separation of 45° - 50° were planned (Figure 1). 

 

Figure 1: Schematic of laterals to be jetted in Well 1I at Klaipėda (Blöcher, et al., 2016) 

 

Production data post drilling of the laterals suggests an improvement in injectivity of approximately 14% based on the production from 

the months preceding the RJD job and two months afterwards. The increase was lower than anticipated based on past experience by the 

operator.  

The goal of this paper is to evaluate the injectivity increase resulting from the RJD job taking into account the uncertainty arising from 

both the geology and the RJD process. This will help in understanding the injectivity and productivity from the laterals. First a base case 

is simulated in which the laterals are implemented based on the drilling reports and are assumed to be according to specifications. Next, 

the main uncertainties are evaluated by conducting a number of parameter sensitivity experiments. 

2. MODEL DESCRIPTION 

2.1 Model setup 

To evaluate the changes in injectivity of the well resulting from stimulation by radial jet drilling, a single well model suffices. By setting 

a constant pressure condition at the reservoir boundary and a constant pressure boundary condition in the well, the well productivity 

and/or injectivity at a constant drawdown can be evaluated. The geological model was generated using Petrel and reservoir simulations 

were conducted using ECLIPSE 100. 

The single well model was set up with the following assumptions: 

- Since the deviation of the new sidetrack is very small, we simulate the laterals as if they were drilled in the original, vertical 

well.  

- We assume the layering to be perfectly horizontal, perpendicular to the well and laterally extensive over the size of the model. 

- Three facies are identified: coarse sand, fine sand and clay. Permeability and porosity are constant per facies (Table 1), 

because it is assumed that the variability between the facies is much larger than the variability within a facies. The vertical 

distribution of the facies is modelled based on the gamma ray log. 

Table 1 shows an overview of the values used for the model. Most of the values are derived from logging and well test reports from the 

operator.  

Table 2 lists the parameters values for the laterals jetted at Klaipėda and implemented in the base case. 
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Table 1: Overview of the Klaipėda model properties 

Grid 

Grid Cells (Ni x Nj x NgridLayers) 100 x 100 x 59 

Total number of grid cells 590000 

dx 10 m 

dy 10 m 

Top -970 m 

Bottom -1125 m 

Rock Properties 

kh - Coarse sand 1400 mD 

Porosity - Coarse sand 0.26 

kh - Fine sand 300 mD 

Porosity - Fine sand 0.18 

kh - Clay 0.005 mD 

Porosity - Clay 0.05 

Rock compressibility 0.00015 bar
-1

 

Kv kh /10 

Net/Gross 1 

Initial Conditions 

Pressure 120 bar 

Datum Depth -1047.5 m 

Reservoir Conditions 

Temperature 38° C 

Reference Pressure 120 bar 

Water Properties 

Density 1060 kg/m
3
 

Viscosity 0.8776 cP 

Salinity 95 g/l 

Formation Volume Factor 1.00020172 rm
3
/sm

3
 

Compressibility 0.00003644 bar
-1

 

Viscosibility 0 bar
-1

 

Well 1I 

Inclination 90° 

Top Perforation  -1000.55 m 

Bottom Perforation  -1124.0 m 

Casing 9.625 in OD 
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Table 2: Overview of the laterals jetted in well 1I. 

Lateral Kickoff depth 
(mTVD RT) 

Length (m) Azimuth (°) Inclination (°) Radius (m) 

1 1105.3 40 105 90 0.019 

2 1105.0 40 150 90 0.019 

3 1104.5 35 195 90 0.019 

4 1104.16 40 240 90 0.019 

5 1038.6 40 105 90 0.019 

6 1038.3 40 150 90 0.019 

7 1038 40 195 90 0.019 

8 1038 28 240 90 0.019 

9 1039.3 35 180 90 0.019 

10 1097.6 40 105 90 0.019 

11 1097.3 40 150 90 0.019 

12 1097 40 195 90 0.019 

 

2.2 Model validation  

Well 1I has shown high variability in both productivity and injectivity since it was drilled. The first production test just after well 

completion showed a flow rate 22.3 m3/hr at a drawdown of 1.2 bar (186 m3/hr/MPa). The production logging tool observed most 

inflow over the interval 1085 to 1000 m MD RT. The model results for the same drawdown with initial estimates of permeability were 

19.4 m3/hr, which is a difference of 13% with the well test result. Since for purposes of this paper, we evaluate changes rather than the 

absolute productivity/injectivity, this difference is acceptable.   

An issue is that the laterals were jetted a few years after the sidetrack was drilled and injectivity had deteriorated considerably by the 

time the laterals were jetted, which was probably caused by scaling, fines mobilization and chemical precipitation of minerals (possibly 

also in the formation). At the time that the laterals were implemented, injectivity had reduced to around 5 to 10 m3/hr/MPa. For the 

purpose of comparing the increase in injection rate achieved at Klaipeda by radial jetting stimulation, with the model results, the model 

needs to reflect the state of the formation (formation damage) near Well 1I, at the time radial jetting stimulation was carried out. 

The effects of scaling and precipitation can be represented by a decrease in near-well permeability or a skin factor. If the formation 

damage is purely represented by skin, a skin factor of approximately 120 in the backbone would be required to represent the drop in 

injectivity (Figure 2) which is extremely large. If the reduction in injectivity is represented by a decrease in permeability, an overall 

decrease by a factor of 20 would be required. For a good representation of the formation damage a combination of both skin and 

permeability reduction near the well is required. However, we have no information on which to base such a model. But for the injection 

or production resulting from laterals, it is very important how far the formation damage extends into the reservoir. If the reduction in 

permeability is very close to the well (<1 m), it can be represented by a skin and the initial injectivity or productivity  from the laterals 

would be expected to be very high. If the reduction is in the permeability, then the laterals are subject to the same decrease in 

permeability as the main well.  Thus it was chosen to do the evaluation of the effect of the laterals on a reservoir without skin and 

formation damage. 

Due to this choice, the direct interpretation of the results for the Klaipėda well 1I is limited. Still the order of magnitude is expected to 

be relevant. Just as the backbone, the laterals would are likely to suffer from a similar decrease in injectivity as the backbone. If that 

happens, the relative contribution of the laterals compared to the backbone should be in the same order of magnitude as in our model (i.e 

without skin and formation damage). 
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Figure 2: Impact of varying backbone skin on the injectivity index of the backbone 

 

2.3 Setup of the uncertainty analysis 

Uncertainty about the injectivity in the laterals depends mainly on two aspects: geological uncertainty and uncertainty on the actual 

location and dimensions of the laterals. The main geological uncertainties for the productivity/injectivity of the jetted laterals are the 

permeability and the distribution of the high and low permeability layers. Additionally, lateral variations in the thickness of the high-

permeability layers may affect the injectivity of a lateral. Since the effect of this variability on the injectivity is similar to the effect of 

changes in kickoff depth, this uncertainty is captured in the sensitivity of the injection rate to the kick-off depth of the laterals. 

 

All uncertainties are summarized in kick off depths, length, diameter and inclination of the laterals. These will be discussed in more 

detail below. 

 

The uncertainty analysis was conducted with a total of 40 simulations for each uncertain parameter. The perturbations in the lateral 

design parameters were carried out randomly and sampled from a uniform distribution. The value of the uncertainty parameter for each 

of the 12 laterals has been perturbed independent of the other laterals. An automated workflow is utilized for the purposes of this 

uncertainty analysis. 

2.4.1 Kick off depth 

Uncertainty in the kickoff depth results from uncertainty in the positioning/depth of the deflector shoe (Elliott, 2011). The deflector shoe 

determines the position at which the lateral is jetted. The deflector shoe is connected to the tubing thus the uncertainty in depth 

measurement is relatively small (+/- 0.5 m). The geological uncertainty in the layering is incorporated in this parameter as explained 

before, making the final uncertainty range larger. 

Numerical reservoir simulations have been carried out to quantify the sensitivity of the model to uncertainties in kick off depth of -2 to 

+2 meters 

2.4.2 Lateral length 

At the Klaipėda geothermal plant, the laterals jetted have lengths in the range 28 – 40 m. However, like all wells, laterals are susceptible 

to cave-in’s, clay swelling etc. and thus the actual length of the producing lateral might be smaller. Furthermore, the coiled tubing on 

which the jetting assembly is conveyed can expand or buckle during operations making the measurement of the length of the laterals 

uncertain (Pesin & Boyle, 1996).  

The uncertainty range in lateral length is taken from 8 to 45 m. 
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2.4.3 Lateral diameter / Skin 

The diameter of a jetted lateral is uncertain because it depends on the strength of the formation and how much the back jets enlarge the 

hole. Based on surface measurements, a diameter of 0.03 m to 0.05 m can be expected (Ragab, 2013, Abdel-Ghany, et al., 2011). The 

diameter depends on the effectiveness of the back jets in increasing the size of the hole. The minimum diameter achieved is the diameter 

of the nozzle, which is 0.0127 m (0.5 inch) in most applications. The diameter of the jetted hole probably varies over the length of the 

lateral.  

The laterals might also suffer from skin. The skin factor for individual wells can be modelled as a reduction or increase in well radius 

(Equation 1).  

                                                                                                                                                            (1) 

,where rw (changed) is the changed wellbore radius and rw (original) is the original wellbore radius. 

Based on this, the total uncertainty range in lateral diameter is taken from 0.002 to 0.2 m. 

2.4.4 Lateral inclination  

The angle the laterals make with the backbone is 90° where the lateral starts from the main well bore, but since the lateral is not steered 

it may deviate from that angle in all directions affecting both azimuth and inclination. For example, changes in geological properties due 

to layering, geo-mechanical variability of formations and faults may cause the lateral path to deviate from the straight line. Furthermore, 

an uncertainty in the inclination of the different geological layers is captured within the uncertainty in lateral inclination. 

The inclination of the laterals has been varied from 45° to 135°.  

2.4.5 Lateral azimuth  

The azimuth of the laterals become important if the reservoir geology is laterally heterogeneous and anisotropic. The Klaipėda 

geological model is essentially a layer cake model with laterally extensive and continuous layers. Preliminary investigations showed that 

the model is not very sensitive to changes in the azimuth and therefore the azimuth uncertainty was not investigated in detail. 

3. SIMULATION RESULTS 

3.1 Base case results 

The base case laterals are the actual laterals as reported in the drilling reports. Not all laterals reached the planned length of 40 m. Also 

due to difficulty in jetting in the lower part, 5 laterals were jetted in the topmost layer and three in the middle layer. It is assumed that 

the laterals follow a straight path and have a uniform diameter of 1.5 inch (0.038 m). Table 2 shows the lateral parameters, which are 

visualized in Figure 2. The majority of the laterals is located in the coarse sandy facies as planned. This is illustrated in Figure 2. Water 

injection rate in Well 1I with the base case is 30.4 m3/hr (728.8 m3/d) for a pressure difference of 1.2 bar. This is an increase of 57% 

over the injection rate in the backbone without laterals, which was 19.4 m3/hr for the same pressure difference (see section on Model 

Validation). 

 

 
















r
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Figure 3: Lateral configuration as jetted in well 1I in the Klaipėda geothermal field (view from south), including the single-well 

model showing facies: red is clay, orange is medium fine sand, yellow is coarse sand (properties in Table 2). 

3.2 Results uncertainty analysis 

3.2.1 Uncertainty in kick off depth 

The sensitivity of the water injection rate at Klaipėda to uncertainties in kick off depths is represented by the vertical spread in Figure 4. 

There is a difference of 8.2% in the injection rate when the mean of the absolute value of the changes in the kick off depth for each of 

the laterals is shifted between 0.6 and 1.3 m. This shows that an uncertainty in the kick off depth of approximately a meter can have a 

significant impact on the effectiveness of the RJD job at Klaipėda. All changes in the kick off depth resulted in lower injectivities 

compared to the base case, which suggests that the laterals were placed optimally in the base case. The laterals shown in Figure 3 can be 

seen as two different sets of laterals; one set in a single coarse sand layer at the top of the formation and another set towards the bottom 

of the formation. The set of laterals at the top of the formation are very sensitive to kick off depths since a small uncertainty in the kick 

off depth would mean jetting the laterals in a clay layer. 
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Figure 4: Sensitivity of the water injection rate at Klaipėda to uncertainty in the kick off depths of the laterals 

 

3.2.2 Uncertainty in lateral length  

Laterals improve well injectivity/productivity by increasing the connection between the well and the formation. An increase in 

productivity/injectivity is expected from an increase in lateral length. The trendline in Figure 5 clearly suggests that an increase in the 

length of the lateral indeed results in an increase in the injection rate in Well 1I. There is a difference of 12.3% in the injection rate when 

the mean of the changes in the lateral length changes from -18 to -3 m. Realistically, the probability of having shorter radials is higher 

than the probability of having longer radials; the ranges chosen for the uncertainty analysis reflect these probabilities and is the reason 

why all the observations in Figure 5 have negative mean changes in lateral lengths. 

  

Figure 5: Sensitivity of the water injection rate at Klaipėda to uncertainty in lateral lengths 
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3.2.3 Uncertainty in lateral diameter 

The sensitivity of the water injection rate in Well 1I to the changes in lateral diameter is represented by the spread in Figure 6.  The 

trendline in Figure 6 shows that an increase in the diameter of the laterals results in an increase in the injection rate. Injection rate is not 

very sensitive to changes in diameter; a mean change in the diameter of between 0.02 and 0.09 m results in a difference of 2.3% in the 

injection rate. 

  

Figure 6: Sensitivity of the water injection rate at Klaipėda to uncertainty in lateral diameter 

3.2.4 Uncertainty in lateral inclination 

Figure 7 shows sensitivity of injection rate in Well 1I to the mean change in inclination of the laterals at Klaipėda. There is a difference 

in injection rate of 13.4% when the mean inclination varied from -15.8° to 15.1°. The trendline suggests that laterals inclined slightly 

upwards with respect to the horizontal result in more favorable values of injection rate.  

  

Figure 7: Sensitivity of the water injection rate at Klaipėda to uncertainty in lateral inclination 

3.2.5 Overview of results 

Table 3, Figure 8 and Figure 9 summarize the results obtained from the uncertainty analyses conducted. From Figure 8 and Figure 9, it 

can be observed that any uncertainty in the kick off depths or the lateral length leads to decrease in injectivity with respect to the base 

case. Injectivity in Well 1I is most sensitive to changes in the inclination of the laterals, followed by the length (Figure 9). A 

combination of these uncertainties can lead to a more severe impact on the injectivity.  
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It is possible to improve production from laterals at Klaipėda by varying the inclination and increasing the lateral diameter (Figure 8). 

This proves that there exists an optimal combination of the lateral design parameters which can lead to maximized injectivity at 

Klaipėda. Moreover, due to the observed impact of uncertainties on the effectiveness of radial jetting, a robust optimization is favorable.  

Table 3: Uncertainty ranges and results of the analyses conducted 

  Uncertainty Range Minimum 
injection rate  

(m
3
/day) 

Maximum 
injection rate 

(m
3
/day) 

Mean injection 
rate (m

3
/day) 

Variance  Percentage 
difference (injection 

rate) 

Length 8 m to 45 m 625.7 707.8 666.75 1685.103 12.3 

Inclination 45° to 135° 658.4 752.9 705.65 2232.563 13.4 

Kick off depth -2 m to +2 m 671.9 729.1 700.5 817.96 8.16 

Diameter 0.002 m to 0.2 m 731.3 748 739.65 69.7225 2.25 

 

 

Figure 8: Sensitivity of the water injection rate at Klaipėda to uncertainties in the different lateral design parameters 

 

Figure 9: Tornado plot ranking the sensitivity of water production to uncertainties in the different lateral design parameters 
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4. SUMMARY AND CONCLUSIONS 

The plant at Klaipėda is designed to be a low enthalpy geothermal conversion facility, relying on high injectivity and productivity to 

achieve the required energy capacity. The injectivity of the injection wells has deteriorated due to a variety of problems (scaling, fines 

mobilization, sanding etc.). Radial Jet Drilling (RJD) was identified as a technology which could help improve injectivity and 

subsequently 12 laterals were jetted in well 1I in December 2014, which resulted in an increase in production of 14%.  

The geology of the Klaipėda geothermal site consists of very thin, extremely permeable sand layers and moderately permeable sand 

layers interspersed with nearly impermeable clay layers. This makes the productivity and injectivity and thus the energy produced 

sensitive to the positioning of the laterals. The position of laterals jetted using RJD is quite uncertain as a result of the jetting process: 

inclination and azimuth of the lateral are not controlled after the start of the lateral. The diameter of the lateral depends on the efficiency 

of the backward facing jets in enlarging the hole and the length of the laterals depends on the length measurement using the CT. The 

effect of these and other relevant uncertainties on the increase in injectivity is evaluated using a numerical model of injection well 1I.       

For the base case, the laterals are assumed to be jetted exactly according to the specifications (straight trajectory, located at the specified 

kickoff depths and with the specified lengths). The base case gave a 57% increase in injection rate compared to the unstimulated well, 

which is considerably higher than the observed increase of 14%. Most of the uncertainties that were investigated resulted in a decrease 

in injectivity. The most sensitive parameter (for the ranges chosen here) was the lateral inclination followed by the length. Both these 

parameters caused changes in injectivity in excess of 10%. Inclination had quite a large impact on the result because for larger 

inclination, laterals can leave the high permeability layer in which they are jetted. The impact of a change in diameter was limited. All 

changes in kick off depth and lateral length resulted in a lower injection when compared to the base case, highlighting the inherent risk  

these parameters represent in achieving expected injectivity and energy production. The observed sensitivity of well injectivity to the 

aforementioned  lateral parameters suggests that proper monitoring of the progress of a radial jetting job is important. 

The results from the model should be viewed with caution, because the model used for the simulations represents the original reservoir 

before injection started rather than the actual situation at the time of radial jetting in which injectivity of the well had decreased 

considerably due to scaling, chemical precipitation and fines mobilization. 
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