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Abstract 

Steam-assisted gravity drainage (SAGD) is constrained in deep heavy-oil reservoirs by 
wellbore heat losses, delayed steam-chamber development and high steam–oil ratio 
(SOR). This study develops an experimentally parameterized reduced-order screening 
framework for thermocable-assisted SAGD, formulated as a digital-twin prototype that 
couples heat transfer, temperature-dependent viscosity, chamber-growth geometry and 
energy-efficiency indicators. The formulation is evaluated within an experimentally pa-
rameterized screening matrix covering steam temperature, oil viscosity, permeability, 
depth, cable power and early heating time. The graphical dependencies are presented in 
a unified publication format and supplemented by heat-balance, chamber-field, sensitiv-
ity and operating-window analyses. For the reference experimental case, thermocable 
support increases oil rate from 84.1 to 96.1 t/day and reduces SOR from 2.70 to 2.30 t/t. 
The cable heat input is small relative to useful steam heat; therefore, its effect is interpreted 
through local compensation of downstream heat deficit and longitudinal temperature sta-
bilization rather than through bulk energy addition. The strongest sensitivity is associated 
with steam rate, oil viscosity and depth, whereas cable power shows a beneficial but sat-
urating effect. The proposed reduced-order digital-twin prototype is intended for feasi-
bility screening, preliminary operating-window selection and prioritization of candidate 
regimes for detailed thermal-reservoir simulation and subsequent field-scale validation. 

Keywords: steam-assisted gravity drainage; SAGD; thermocable; distributed electrical 
heating; heavy oil; thermal EOR; wellbore heat loss; steam chamber; reduced-order  
digital-twin prototype; energy efficiency; operating-window screening 
 

1. Introduction 
The development of heavy-oil and natural-bitumen reservoirs requires a persistent 

compromise between production acceleration and thermal-energy consumption. Steam-
assisted gravity drainage (SAGD) remains one of the most established thermal enhanced-
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oil-recovery (EOR) technologies because it converts injected heat into viscosity reduction, 
steam-chamber expansion and gravity-driven drainage [1–4]. Its industrial attractiveness 
is therefore determined not only by the absolute volume of injected steam but also by how 
effectively this steam heat reaches the active drainage interval. 

The governing physical chain is sequential and strongly coupled: steam injection 
transfers enthalpy to the well-reservoir system; the heated zone reduces oil viscosity; 
lower viscosity increases mobility; chamber geometry controls the effective drainage vol-
ume; and the process is finally evaluated through oil rate, cumulative production, SOR 
and energy consumption [5–7]. A weakness in any element of this chain reduces the over-
all efficiency. This is especially relevant for deep reservoirs and long horizontal sections, 
where a larger fraction of the steam enthalpy may be lost before it contributes to useful 
reservoir heating [8–10]. 

Conventional SAGD design usually focuses on steam pressure, steam temperature, 
well spacing, preheating duration and production constraints. These parameters are nec-
essary but not always sufficient when longitudinal temperature attenuation becomes se-
vere. If downstream sections of the producer remain underheated, gravity drainage be-
comes spatially uneven: part of the horizontal interval contributes actively to production, 
while other segments remain thermally inefficient. This creates a practical need for meth-
ods that redistribute heat rather than merely increase total steam injection [11,12]. 

In practice, SAGD efficiency can deteriorate when the steam chamber develops asym-
metrically, when downstream parts of a long horizontal section remain below the effective 
viscosity-reduction temperature, or when additional steam injection increases losses 
faster than useful drainage. These bottlenecks are especially relevant in deep reservoirs, 
where wellbore heat loss, steam-quality degradation and delayed thermal communication 
can produce high SOR values even when nominal steam injection is sufficient. Under such 
conditions, the engineering problem is not only to increase the total heat input but to im-
prove the spatial usefulness of delivered heat. 

Practical thermal-efficiency improvements can be grouped into three categories: re-
ducing parasitic heat losses, modifying the steam-chamber development path and adding 
auxiliary heat or solvent support near the drainage interval. Vacuum-insulated tubing and 
completion optimization primarily target the first category; solvent and electrical-heating 
approaches target the second and third categories. In this paper, a thermocable is defined 
as a distributed downhole electrical-heating cable installed along, or thermally coupled 
with, the horizontal interval. Unlike short local downhole heaters, it is treated as an ex-
tended spatial heat-placement element intended to reduce longitudinal underheating. 
Therefore, thermocable assistance is evaluated here as a spatial heat-placement method 
rather than as a substitute for steam injection [13,14]. 

The use of distributed electrical heat must nevertheless be evaluated carefully. If the 
cable is interpreted only as an additional bulk energy source, the expected production 
gain would be difficult to justify because cable power is usually small compared with the 
steam heat flux [15,16]. A more physically defensible hypothesis is that cable support im-
proves the spatial usefulness of heat by compensating local cooling, reducing under-
heated segments and making the chamber-growth field more continuous along the hori-
zontal well [17–20]. 

Existing studies on SAGD, electrical heating and digital-twin modeling provide im-
portant thermodynamic, experimental and engineering foundations, but they often ad-
dress these components separately. Classical SAGD theory explains gravity drainage and 
chamber growth, but it does not directly quantify the local value of auxiliary heat place-
ment along underheated horizontal sections. Wellbore heat-loss models describe thermal 
attenuation, but they are not usually coupled with SOR-oriented operating-window selec-



Energies 2026, 19, 3218 3 of 37 
 

https://doi.org/10.3390/en19133218 

tion. Electrical-heating studies demonstrate near-wellbore thermal support, but the con-
tribution of a small distributed electrical input to steam-use efficiency is often not sepa-
rated from bulk heat addition. General digital-twin studies provide system-integration 
principles, but they rarely formulate a transparent thermal-EOR screening workflow that 
links heat delivery, viscosity transformation, chamber geometry and energy-efficiency in-
dicators. Therefore, a compact reduced-order formulation is still needed to connect these 
mechanisms in a reproducible decision-support structure [21,22]. 

The scientific gap addressed in this paper is the absence of a transparent reduced-
order screening framework for thermocable-assisted SAGD that simultaneously evaluates 
heat-transfer control, longitudinal underheating, chamber-development response, depth-
dependent losses, SOR and total specific energy consumption [23,24]. Existing approaches 
either provide detailed full-physics reservoir simulation, which is not convenient for rapid 
operating-window screening, or use simplified correlations that do not explicitly resolve 
the spatial heat-placement role of distributed electrical heating [25–27]. 

The contribution of this work is threefold. First, thermocable assistance is formulated 
as a spatial heat-placement mechanism rather than as a dominant additional energy 
source. Second, the model connects steam heat delivery, wellbore loss, temperature-de-
pendent viscosity, chamber geometry, oil-rate response and SOR through a common 
mass-and-energy accounting structure. Third, the operating regime is selected not by 
maximizing steam rate or cable power but by balancing oil-rate gain, SOR reduction, ca-
ble-power saturation and total specific energy consumption within a declared admissible 
screening domain [28–30]. 

The aim of this work is to develop and substantiate an experimentally parameterized 
reduced-order digital-twin prototype for thermocable-assisted SAGD in deep heavy-oil 
reservoirs. The specific objectives are to formalize steam heat delivery and wellbore loss 
compensation; define the thermocable as a distributed spatial heat-control element; quan-
tify the effects of steam temperature, oil viscosity, permeability and depth; evaluate cable-
power saturation; compare conventional and thermocable-assisted SAGD using oil rate 
and SOR; and identify candidate operating regimes for detailed thermal-reservoir simu-
lation and subsequent field-scale validation [31–34]. 

This work is organized as follows. Section 2 describes the experimental-data struc-
ture, heat-balance equations, thermocable formulation, chamber-growth model and con-
sistency checks. Section 3 reports the response of oil rate, SOR, temperature field, heat-
loss index and operating-window indicators. Section 4 discusses the physical interpreta-
tion, engineering implications and validation pathway. Section 5 summarizes the main 
conclusions. 

2. Materials and Methods 
2.1. Digital-Twin Architecture and Modeling Scope 

The proposed model is a reduced-order experimental–analytical screening frame-
work formulated as a digital-twin prototype for thermocable-assisted SAGD. It is not a 
fully synchronized field digital twin with real-time data assimilation from an operating 
asset. Instead, it organizes reservoir descriptors, steam-operation conditions and thermo-
cable parameters into an executable and reproducible calculation chain that includes heat 
balance, wellbore heat loss, temperature-dependent viscosity, mobility, chamber-growth 
geometry, SOR and energy-efficiency indicators. Therefore, the framework is intended for 
feasibility screening and operating-window selection before detailed thermal-reservoir 
simulation or pilot-scale validation [35,36]. The framework connects reservoir input data, 
a physics-based SAGD core, a distributed thermocable heat-control module, chamber-
growth diagnostics and decision-oriented output indicators. Figure 1 summarizes the ar-
chitecture. 
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The experimental data used for the formulation consist of three linked blocks: reser-
voir/well descriptors, steam-operation conditions and production/energy responses. The 
reservoir block includes depth, permeability, porosity, oil viscosity, initial reservoir tem-
perature and well geometry. The steam-operation block contains steam temperature, 
steam rate and heat-delivery parameters. The thermocable block contains cable power, 
active coverage and heat-utilization efficiency. These blocks are kept separate until the 
heat-balance and chamber-growth equations are evaluated. 

The input matrix used in this study is experimentally parameterized but should not 
be interpreted as a complete long-term field-history match. The fixed input values include 
reservoir and well descriptors, fluid-property ranges, steam-operation settings and ther-
mocable technical parameters. These values were used to define the admissible screening 
domain. The response maps and three-dimensional surfaces reported in the Results sec-
tion were then generated by the reduced-order model within this domain. Therefore, this 
manuscript distinguishes three data categories: fixed measured or experimentally as-
signed input points, interpolated response fields inside the screening domain and model-
predicted performance indicators derived from the governing equations. 

The modeling scope is deliberately bounded. The framework is used to compare 
physically admissible operating regimes within the declared admissible screening domain 
rather than to extrapolate outside the available ranges of depth, viscosity, permeability, 
steam temperature, steam quality, cable power and heating time. This distinction is im-
portant for reproducibility: every reported response is tied to an input range, a mass-bal-
ance rule and an explicit heat-transfer assumption. 

 

Figure 1. Architecture of the thermocable-assisted SAGD digital twin. The model links reservoir and 
well data, the steam-SAGD heat-transfer core, the distributed thermocable module, chamber-devel-
opment diagnostics and decision-oriented outputs. 

The architecture deliberately separates physical mechanisms from decision outputs. 
The reservoir block contains depth, permeability, porosity, oil viscosity, initial reservoir 
temperature and well geometry. The steam-SAGD core calculates useful heat delivery, 
wellbore losses and temperature-dependent mobility. The thermocable module modifies 
the longitudinal heat distribution through cable power, active length and utilization effi-
ciency. The output layer reports oil rate, SOR, normalized heat-loss index, chamber-de-
velopment indicators and operating-window metrics. 

The term digital-twin prototype is used here in a restricted modeling sense: the 
framework is executable, parameterized and decision-oriented, but it does not claim real-
time synchronization with a physical SAGD asset. This terminology is used to emphasize 
the integration of input states, thermal-response equations and engineering decision out-
puts within a single reproducible workflow [22–25,37]. Table 1 summarizes the functional 
blocks of the thermocable-assisted SAGD digital twin and clarifies how each block con-
tributes to the calculation chain from input variables to operating-window indicators. 
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Table 1. Functional structure of the thermocable-assisted SAGD digital twin. 

Block Function 

Input layer Reservoir depth, permeability, porosity, oil viscosity, steam temperature, steam rate, well 
length and cable parameters. 

Thermal core 
Reduced heat-balance model for useful heat delivery, wellbore losses and active-zone tem-

perature. 

Thermocable module Distributed electric heat source defined by linear power, active length, coverage and heat-
utilization efficiency. 

Chamber-growth block Parametric description of steam-chamber height, longitudinal development and active 
drainage extent. 

Performance outputs 
Oil rate, SOR, heat-loss ratio, temperature profile, chamber geometry and operating-win-

dow indicators. 

Table 1 shows that the model is organized as a chain of physically interpretable mod-
ules rather than as a black-box correlation. The separation of input, thermal core, cable 
module, chamber block and outputs make it possible to trace each performance indicator 
back to a specific heat-transfer or mobility mechanism. 

2.2. Steam Thermodynamics and Useful Heat Delivery 

The mathematical core is formulated so that the experimentally parameterized 
screening analysis remains reproducible and internally consistent. Steam and water ther-
modynamic properties were evaluated on the basis of IAPWS-IF97 steam/water property 
relations. In the reference calculation, the injected steam was treated on a saturated/wet-
steam basis; therefore, steam pressure was linked to steam temperature through the satu-
ration-pressure relation, while steam dryness was treated as an operating-quality input. 
For the reference case, the steam temperature was 260 °C, which corresponds to a satu-
rated-steam pressure of approximately 4.7 MPa. Over the investigated steam-temperature 
interval of 220–300 °C, the corresponding saturated-pressure range is approximately 2.3–
8.6 MPa. The reference steam dryness fraction was set to xs = 0.90, and an uncertainty 
interval of xs = 0.85–0.95 was used for sensitivity checking. If direct steam-quality meas-
urements are available in a field pilot, xs should be replaced by the measured separator or 
steam-generator quality value. 

Steam mass rate is first converted from the daily operating basis to the SI unit used 
in the heat-balance calculation: 

86,400
s

s
Mm = , (1)

where sM  is the daily steam mass rate in kg/day and sm  is the steam mass flow rate in 
kg/s. The gross steam heat rate is then determined as 

s s sQ m h= ⋅Δ , (2)

where shΔ  is the usable enthalpy drop of the injected steam. In a screening model, the 
enthalpy drop is represented as 

( , ) ( )s s s s w rh h T x h TΔ = − , (3)

where sh  is the steam specific enthalpy at steam temperature sT  and dryness fraction 

sx , and wh  is the liquid-water specific enthalpy at reservoir temperature rT . For satu-

rated or wet steam, sh  was evaluated as ( )( , ) ( )s s s f s s fg sh T x h T x h T= +
, where fh  is 
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saturated-liquid enthalpy and fgh  is latent heat of vaporization. The steam pressure was 

taken as ( )s sat sp p T=
 . For superheated steam, sh   should instead be taken from the 

superheated-steam region at the specified pressure and temperature. 

The value shΔ  = 2.8 MJ/kg used in the reference heat-balance table is therefore an 
equivalent screening value for high-quality injected steam under the reference thermal 
conditions. To avoid treating it as an exact universal constant, the revised analysis inter-
prets this value as the baseline enthalpy-drop assumption and checks the heat-balance 

sensitivity over shΔ  = 2.55–2.85 MJ/kg. 
The useful heat delivered to the active drainage zone is defined as 

use s s c cQ Q Qη η= ⋅ + ⋅ , (4)

where sη  is the steam-delivery efficiency, cη  is the cable heat-utilization coefficient and 

cQ  is the distributed electrical heat input. These coefficients are not treated as universal 

constants. In the reference case, sη  = 0.68 was used for conventional SAGD and sη  = 
0.70 for the thermocable-assisted case to represent a modest improvement in useful heat 
delivery caused by longitudinal temperature stabilization. The cable heat-utilization coef-

ficient was set to cη  = 0.85 in the reference calculation. Sensitivity checks were performed 

over sη  = 0.65–0.72 and cη  = 0.75–0.90. The thermal efficiency of steam delivery is 

,use loss1s
s

s s

Q Q
Q Q

η = = − . (5)

2.3. Wellbore Heat-Loss Model 

The wellbore heat-loss model separates dimensional heat-transfer quantities from 
normalized loss indicators used in operating-regime comparison. The instantaneous di-
mensional heat loss is expressed as 

loss wQ U A T= ⋅ ⋅Δ , (6)

where U  is the overall heat-transfer coefficient, wA  is the effective heat-transfer area 
and TΔ  is the temperature difference between the wellbore and the surrounding for-
mation. The total thermal resistance is approximated by 

total pipe ins cem rockR R R R R= + + + , (7)

with pipe, insulation, cement and rock contributions. The corresponding overall heat-
transfer coefficient is 

total

1U
R

= . (8)

For a local wellbore segment, the longitudinal loss rate is written as 

[ ]loss ( ) ( ) ( )w s rq z U z D T z Tπ= ⋅ ⋅ − , (9)

where z is the measured depth and wD  is the wellbore diameter. For experimental-re-
gime visualization, dimensional losses are converted into a normalized heat-loss index: 

loss
loss

loss,ref

QI
Q

= . (10)
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This distinction prevents ambiguity between real heat loss in MW and a dimension-
less indicator used for relative comparison. 

2.4. Thermocable Heat-Source Formulation 

The thermocable is not modeled as a large additional bulk heat source. It is modeled 
as a spatially distributed heat-control element placed close to the horizontal section: 

c c c cQ q L χ= ⋅ ⋅ , (11)

where cq  is cable linear power, cL  is cable length and cχ  is the active coverage factor. 
The local distribution of cable heat is 

0( ) ( )c c cq s q I s= ⋅ ∈Ω , (12)

where z is the measured coordinate along the horizontal section and ( )cI z∈Ω  is an in-
dicator function equal to 1 inside the cable-covered interval and 0 outside it. In the refer-

ence case, 1 2[ , ] [60,740]c z zΩ = =  m, which corresponds to an effective active cover-
age of 680 m over the 800 m horizontal interval. The temperature increment produced by 
cable support is represented as 

2

2

( )( , ) 1 exp exp ,
2

c
c c

c c

z ztT z t A
τ σ

    −Δ = − − −    
    

 (13)

where ( , )cT z tΔ  is the cable-induced temperature increment, °C; cA  is the local tem-

perature-amplitude parameter, °C; t is the heating time, h; cτ  is the thermal response 

time, h; z is the measured coordinate along the horizontal section, m; cz  is the center of 

the cable-influence zone, m; and cσ  is the longitudinal smoothing scale, m. 
The Gaussian-type term in Equation (13) is used as a reduced-order spatial smooth-

ing kernel. It does not claim to resolve detailed microscopic conduction around the cable. 
Instead, it approximates how a distributed downhole electrical heater produces a local-
ized but longitudinally smoothed temperature increment around the cable-covered inter-
val.  

To avoid comparing cable power only with total steam heat, a local compensation 
ratio was introduced. This ratio compares useful cable heat with the local heat deficit in 
the cable-covered section rather than with the whole-field steam heat input: 

loss,base loss,assist
loc

,useful

( ) ( )
( ) ,

( )
q

c

q z q z
z

q z
ε

χ
− +

=  (14)

where loc ( )zχ  is the local thermocable compensation ratio, dimensionless; ,useful ( )cq z
 

is the useful cable heat supplied per unit length at coordinate z, W/m; loss,base ( )q z
 is the 

baseline local heat-loss or heat-deficit rate without cable assistance, W/m; loss,assist ( )q z
 is 

the residual local heat-loss or heat-deficit rate under thermocable assistance, W/m; and 

qε
 is a small numerical stabilizer used only to avoid division by zero in zones with neg-

ligible local heat deficit. 

Thus, loc ( )zχ  does not state that the cable replaces a large fraction of total steam 
heat. It evaluates whether the cable is large enough to affect the local downstream heat 
deficit that limits viscosity reduction and chamber continuity. This is the relevant scale for 
interpreting the leverage effect of a small distributed electrical input. 
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The physical role of the thermocable is clarified in Figure 2. The figure illustrates why 
the cable contribution is interpreted at the local downstream heat-deficit scale rather than 
as a bulk replacement for steam energy. 

 

Figure 2. Heat-delivery concept for thermocable-assisted SAGD. The thermocable is evaluated 
against the local downstream heat deficit rather than against total useful steam heat; its role is to 
stabilize the longitudinal temperature field and reduce underheated intervals along the horizontal 
section. 

2.5. Temperature Field and Viscosity Transformation 

The temperature field links heat delivery with viscosity reduction and therefore with 
oil mobility. The governing reduced energy equation is 

eff eff loss( ) ( ) ( , ) ( , ) ( , ),p s c
TC k T Q z t Q z t Q z t
t

ρ ∂ = ∇⋅ ∇ + + −
∂

 (15)

where 
eff( )p
TC
t

ρ ∂
∂   is the effective volumetric heat capacity of the porous medium, 

J/(m3·K); T is the temperature, °C; t is the time, s or h depending on the implemented cal-

culation step; effk  is the effective thermal conductivity, W/(m·K); ( , )sQ z t  is the distrib-

uted steam-related heat source term; ( , )cQ z t  is the distributed thermocable heat-source 

term; and loss ( , )Q z t  is the wellbore and formation heat-loss term. 

In the reduced-order implementation, ( , )cQ z t   is linked to the cable-covered 

interval Ωc and the temperature increment in Equation (13), while ( , )sQ z t  represents 
the useful steam heat distributed over the active chamber-development zone. This source-
term representation is used for screening and should be replaced by a detailed coupled 
wellbore–reservoir model in field-scale design. 

The effective volumetric heat capacity is determined as 

eff eff (1 ) r r o o o w w wc c S c S cρ φ ρ φ ρ φ ρ= − + + , (16)

and the effective thermal conductivity is approximated by 

eff (1 ) r o o w wS Sλ φ λ φ λ φ λ= − + + . (17)

For the longitudinal screening calculation, the temperature along the horizontal well 
is 

( )( , ) 1 exp exp ( , )r s r c
T T

t sT s t T T T T s t
Lτ

    
= + − − − − + Δ    

    
. (18)

The viscosity transformation is then modeled by an exponential law: 
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eff eff 0 eff 0( ) exp ( ) ,T b T Tμμ μ μ  = = − −  , (19)

where effμ   is the effective heated-oil viscosity used in the mobility and oil-rate 

equations, mPa·s; eff( )Tμ  is the oil viscosity at the effective heated-zone temperature, 

mPa·s; 0μ  is the oil viscosity at the reference reservoir temperature 0T , mPa·s; effT  is 

the effective heated-zone temperature, °C; 0T  is the reference reservoir temperature, °C; 

and 
bμ   is the temperature-sensitivity coefficient of heavy-oil viscosity, °C−1, with a 

sensitivity interval of 0.020–0.035 °C−1 used to represent uncertainty in the heavy-oil 
viscosity–temperature relation. This parameter should be fitted from measured viscosity–
temperature data for the target heavy oil. 

2.6. Mobility and Oil-Rate Response 

Oil-rate response is not treated as a direct empirical function of steam rate. It is 
derived from the mobility increase caused by heating. Oil mobility is 

( )
( )
ro

o
o

k kT
T

λ
μ

⋅= , (20)

and the effective chamber temperature is 

ch
eff

ch

1( ) ( , , , )
V

T t T x y z t dV
V

=  . (21)

The oil-rate response is represented as 

ref ch
ref

ref eff ref

,
k H

o ch c
Hkq q F F

k H

μα β γ
μ
μ

     
=      

     
, (22)

where oq  is the oil-rate response, t/day; refq  = 84.1 t/day is the reference conventional 

SAGD oil rate; k is permeability, mD; refk   = 1000 mD; effμ   is effective heated-oil 

viscosity, mPa·s; effμ   = 700 mPa·s; chH   is chamber height, m; refH   =18 m; 
, ,k Hμα β γ

 are fitted screening exponents; chF  is a chamber-shape factor; and F  is the 
thermocable-supported temperature-stabilization factor. The normalized form in 
Equation (22) was introduced to avoid an opaque dimensional calibration coefficient. The 

reference oil rate refq  anchors the calculation to the conventional SAGD reference case, 
while the permeability, viscosity and chamber-height ratios express relative changes 
within the admissible screening domain.  

2.7. Steam-Chamber Geometry 

The steam chamber is described by a reduced-order parametric geometry. The 
purpose of this block is not to reproduce all local heterogeneity, shale barriers, or three-
phase flow effects but to provide a geometrically consistent screening relation between 
heat delivery, permeability, viscosity, thermocable-supported temperature stabilization 
and active drainage volume. Chamber height is 

[ ]ch max( ) 1 exp( )H k cH t H a t F F Fμ= − − , (23)

while chamber width is 

[ ]ch max( ) 1 exp( )W k cW t W a t F F Fμ= − − .  (24)

The active chamber volume is approximated as 
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ch ch ch ch( ) ( ) ( ) ( )
4

V t H t W t L tπ= , (25)

and the corresponding cross-sectional chamber area is 

ch ch ch( ) ( ) ( )
4

A t H t W tπ= , (26)

where chH   and chW   are chamber height and width, m; maxH   is the maximum 

admissible chamber height bounded by net oil-saturated thickness; maxW   is the 

maximum admissible chamber width used in the reduced-order geometric closure; Ha  

and Wa  are chamber-height and chamber-width growth coefficients, h−1; 
, ,kF F Fμ  are 

permeability, viscosity and thermocable correction factors; ch ( )L t  is the active heated 

chamber length, m; chV   is chamber volume, m3; and chA   is cross-sectional chamber 
area, m2.  

The elliptical cross-section in Equations (25) and (26) is a reduced-order geometric 
closure. It is used because it preserves a consistent relation between chamber height, 
chamber width, area and volume while keeping the model suitable for rapid screening. 
The limitation is that local heterogeneity, steam override, shale barriers, local 

conformance effects and detailed three-phase flow are not resolved. Therefore, chV  and 

chA  are interpreted as relative chamber-development indicators rather than field-scale 
volumetric forecasts. 

2.8. SOR, Total Specific Energy Consumption and Operating-Window Objective 

Steam-oil ratio (SOR) was retained as the primary steam-use metric. To avoid mixing 
cumulative and instantaneous quantities, SOR was calculated from steam and oil masses 
over the same time interval. When daily rates are reported, they are interpreted as daily 
mass equivalents over the same interval: 

,day,

, ,day

,oo t

s t s

MM
SOR

M M
Δ

Δ

= =

  (27)

where ,s tM Δ  is the steam mass injected over the considered interval Δt, t; ,o tM Δ  is the 

oil mass produced over the same interval, t; ,dayoM  is the daily steam mass used for the 

mass-balance calculation, t/day; and ,daysM   is the daily oil mass, t/day. The second 
equality is used only when both steam and oil are reported on the same daily basis. 

Because the thermocable consumes electricity, steam efficiency alone is not sufficient 
for evaluating thermocable-assisted SAGD [38]. The total specific energy consumption 
was therefore calculated by combining the steam heat supplied over the considered 
interval with the electrical energy consumed by the cable over the same interval: 

, , ,
tot

,

,s t c el t

o t

Q E
SEC

M
Δ Δ

Δ

+
=  (28)

where totSEC  is the total specific energy consumption, MJ/t or GJ/t; ,s tQ Δ  is the total 

steam heat supplied during the considered interval, MJ or GJ; , ,c el tE Δ   is the electrical 

energy consumed by the thermocable during the same interval, MJ or GJ; and ,o tM Δ  is 
the produced oil mass over the same interval, t. 
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If the calculation is implemented using average powers, then 

, , , ,and .s t s c el t c elQ Q t E P tΔ Δ= Δ = Δ
  Thus, the steam and electrical terms are 

evaluated over the same time basis as oil production. 
For comparative screening, an additional dimensionless energy-efficiency index was 

introduced. It compares the useful oil-production response with the combined steam and 
electrical energy input: 

tot ref

ref

/
/o

SEC SECEEI
q q

= , (29)

where EEI  is the dimensionless energy-efficiency index; oq  is the oil-rate response for 

the considered operating case, t/day; refq  is the reference conventional SAGD oil rate, 

t/day; totSEC   is the total specific energy consumption for the considered case; and 

refSEC  is the total specific energy consumption of the reference conventional SAGD case. 
For operating-window screening, a normalized objective function was used. The 

objective penalizes high steam use and high cable power while rewarding oil-rate 
improvement. The normalized variables were defined relative to the admissible 
screening-domain bounds: 

* * *min min

max min max min ,max

, , ,o c
o c

c

q q qSOR SORq SOR P
q q SOR SOR q ′

′− −= = =
− −

 (30)

where 
*
oq   is the normalized oil-rate indicator; 

*SOR   is the normalized steam-use 

indicator; 
*
cP   is the normalized cable-power indicator; oq   is the oil rate, t/day; minq  

and maxq  are lower and upper oil-rate bounds in the screening domain, t/day; minSOR  

and maxSOR  are lower and upper SOR bounds in the screening domain, t/t; cq ′  is the 

cable linear power, W/m; and ,maxc
q ′   is the maximum admissible cable linear power, 

W/m. 
* * *

1 2 3 1 2 3, 1o cJ w q w SOR w P w w w= − − + + = , (31)

where J is the dimensionless operating-window objective; 1 2 3, ,w w w   are weighting 
coefficients assigned to oil-rate benefit, SOR penalty and cable-power penalty, 
respectively. 

In the reference screening calculation, 1 2 30.40, 0.40, and 0.20w w w= = = . 
Equal priority was assigned to oil-rate improvement and SOR reduction, whereas cable 
power was given a smaller but non-zero weight because the thermocable is an auxiliary 
spatial heat-control element rather than the dominant energy source. A weight-sensitivity 
check was performed by varying each weight by ±0.10 while preserving 

1 2 3w  + w  + w  = 1. The preferred operating region remained in the moderate steam-
rate and moderate cable-power interval. 

The admissible operating window was constrained by minimum oil-rate, maximum 
SOR, maximum steam-temperature and maximum cable-power criteria: 

min max max ,max
,, , ,o s c c

q q SOR SOR T T q q ′′≥ ≤ ≤ ≤  (32)

where minq  = 94 t/day is the minimum oil-rate threshold used in the reference screening; 

maxSOR  = 2.45 t/t is the maximum admissible steam-oil ratio; maxT  = 300 °C is the upper 
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steam-temperature bound of the screening domain; and ,maxc
q ′   = 60 W/m is the 

maximum admissible cable linear power. 
These thresholds are not universal design limits. They define the reference admissible 

screening domain used to identify candidate thermocable-assisted SAGD regimes for 
further simulation or pilot validation. 

2.9. Experimental-Data Consistency and Physical-Plausibility Checks 

The model outputs were screened using a mass-balance consistency rule that 
prevents incompatible combinations of steam mass, oil mass and SOR from being 
reported. The consistency check was applied to all paired conventional and thermocable-
assisted cases: 

,

,

,o t
SOR

s t

M
SOR

M
εΔ

Δ

− ≤  (33)

where SORε  = 0.03 t/t is the numerical tolerance used in the reference analysis. This value 
corresponds to approximately 1–1.5% of the reference SOR range and was used to reject 
internally inconsistent combinations of steam mass, oil mass and reported SOR. 

In addition, dimensional heat-loss reductions were required to remain compatible 
with the useful cable heat reported in the heat-balance table. When a loss reduction is 
shown as a relative operating-regime effect, it is reported as a normalized heat-loss index 
rather than as a direct MW reduction. This prevents the local heat-placement effect of the 
thermocable from being misinterpreted as a large bulk-energy contribution [39,40]. 

2.10. Uncertainty Propagation and Statistical Interpretation 

Because the present study is a reduced-order screening analysis rather than a 
repeated long-term field trial, the reported uncertainty bounds are interpreted as 
propagated engineering uncertainty rather than as formal field-statistical confidence 
intervals. The uncertainty analysis was introduced to test whether the main reference-case 
differences are larger than plausible measurement and parameter uncertainty [41]. 

The following relative or absolute uncertainty levels were used in the reference 
propagation: steam mass, ±2.0%; oil rate, ±3.0%; downstream temperature estimate, ±5–7 
°C depending on the operating case; normalized heat-loss index, ±0.04; steam dryness 

fraction, xs = 0.90 with a sensitivity interval of 0.85–0.95; steam-delivery efficiency, sη  = 

0.65–0.72; and cable heat-utilization coefficient, cη  = 0.75–0.90. The uncertainty levels are 
used for screening robustness checks and should be replaced by site-specific instrument 
uncertainty and repeatability estimates when pilot data become available. 

For a ratio-type metric such as SOR, the relative uncertainty was propagated as 
2 2

,u(SOR ( ) ( )) s o

s o

u M u M
M M

   
+   

   
=  (34)

where u(SOR)   is the standard uncertainty of SOR, ( )su M   is the steam-mass 

uncertainty, ( )ou M  is the oil-mass uncertainty, sM  is the steam mass and oM  is the 
oil mass over the same time interval. For paired differences, the uncertainty of the 
difference was estimated as 

2 2
1 2( ) ( ) ,u y u y+  (35)
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where 1y  and 2y  are the compared conventional and thermocable-assisted values. A 
difference was interpreted as screening-significant when its magnitude exceeded the 
propagated uncertainty of the paired difference. This criterion is not a substitute for 
repeated field-trial statistics, but it prevents overinterpretation of small model differences 
[42–45]. 

2.11. Experimentally Parameterized Screening Matrix and Unit-Consistency Procedure 

A structured experimentally parameterized screening matrix was used to evaluate 
the reduced-order model. The matrix included fixed input points for one-factor sweeps, 
paired conventional/cable-assisted comparisons and cross-regime cases combining 
shallow/deep reservoirs, low/high viscosity and low/high permeability. The input 
variables were treated as measured, experimentally assigned, or technically specified 
values, whereas the response maps, contour fields and three-dimensional surfaces were 
model-interpolated or model-predicted within the declared admissible screening domain. 
All response values were processed in consistent mass and energy units: daily steam mass 
was converted to kg/s for heat-balance calculations, oil rate was retained in t/day for 
operational interpretation and SOR was determined only from the corresponding steam 
and oil masses according to Equation (27). 

The experimental design, sensitivity ranking and operating-window interpretation 
follow standard principles of statistical learning, surrogate modeling, sensitivity analysis 
and multi-objective screening [46–48]. Related author-team studies provide additional 
background on SAGD profitability, enhanced-oil-recovery screening, unconventional-
resource drainage, energy-efficient process stability, optimal control of energy-intensive 
equipment, hybrid power-system support, autonomous power supply and BESS-
supported field microgrids [49,50]. Table 2 defines the admissible screening domain used 
for the experimentally parameterized analysis. The selected ranges cover the principal 
thermal, geological and thermocable-control variables used to compare physically 
admissible regimes within the reduced-order screening model. 

Table 2. Admissible screening domain used in the experimentally parameterized analysis. 

Parameter Range Role in Model 
Steam temperature 220–300 °C Controls heat-transfer potential and viscosity reduction. 
Initial oil viscosity 300–1500 mPa·s Defines mobility limitation in heavy-oil conditions. 

Permeability 250–2000 mD Controls filtration capacity of the heated oil. 
Vertical depth 500–1500 m Controls heat-loss exposure and steam-delivery penalty. 

Cable linear power 0–60 W/m Controls distributed electrical heating along the horizontal interval. 

Heating time 48–240 h 
Controls early thermal-response and initial chamber-growth 

tendency; not used as a full SAGD lifetime forecast. 

The admissible screening domain in Table 2 defines the limits of interpretation. The 
48–240 h heating-time interval is used only to compare early thermal response, 
longitudinal temperature stabilization and initial chamber-growth tendency. It is not 
interpreted as a full SAGD project duration or as a long-term cumulative recovery 
forecast. Extrapolation to colder, deeper, thinner, more heterogeneous, or longer-term 
field conditions requires recalibration, detailed thermal-reservoir simulation and field-
history validation. Table 3 provides the reference case used for the direct comparison 
between conventional SAGD and thermocable-assisted SAGD. These values fix the 
reservoir geometry, fluid properties, steam conditions and cable parameters before the 
performance indicators are compared. 
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Table 3. Reference case for thermocable-assisted SAGD comparison. 

Input Reference Value 
Vertical depth 1000 m 
Horizontal length 800 m 
Net oil-saturated thickness 25 m 
Porosity 0.30 
Permeability 1000 mD 
Initial oil viscosity 700 mPa·s 
Reservoir temperature 40 °C 
Steam temperature 260 °C 
Steam-pressure basis Saturated-steam pressure at 260 °C, approximately 4.7 MPa 
Steam dryness fraction xs = 0.90 reference value; 0.85–0.95 sensitivity interval 
Equivalent steam enthalpy drop Δhs = 2.8 MJ/kg reference value; 2.55–2.85 MJ/kg sensitivity interval 
Nominal steam rate 225 t/day reference design basis 

Steam-delivery efficiency ηs = 0.68 conventional; ηs = 0.70 thermocable-assisted; 0.65–0.72 sensitivity 
interval 

Cable linear power 45 W/m 
Cable active coverage 0.85 
Cable heat-utilization coefficient ηc = 0.85 reference value; 0.75–0.90 sensitivity interval 

The reference case in Table 3 is used as the baseline for all direct conventional-versus-
assisted comparisons. In the revised table, the reservoir geometry, fluid properties, steam-
temperature basis, steam-pressure basis, dryness fraction, equivalent enthalpy drop and 
heat-utilization coefficients are reported together to make the heat-balance assumptions 
reproducible. Keeping these reference conditions fixed allows the thermocable 
contribution to be evaluated without mixing it with unrelated changes in geology, steam 
quality, or operating pressure. 

To improve reproducibility, the main reduced-order parameters used in the 
thermocable-temperature, viscosity, oil-rate and chamber-growth submodels are 
summarized in Table 4. The table separates measured or fixed input quantities from fitted 
screening coefficients and assigned closure parameters. These values are not universal 
reservoir constants; they define the reference screening case and should be recalibrated 
when field temperature profiles, pressure data, steam-quality logs and production 
histories become available. 

Table 4. Reduced-order parameter definitions, reference values and calibration status. 

Parameter Unit Reference Value or Range Status Role in Model 

'cq  W/m 45 Technically specified 
Cable linear power used to 
calculate distributed electrical 
input 

Lh m 800 Fixed input Horizontal interval length 

cχ  dimensionless 0.85 Technically specified Active cable-coverage factor 

c c hL Lχ=  m 680 Derived Effective cable-covered length 

1 2[ , ],c z zΩ =  m [60, 740] 
Assigned reference 
interval 

Cable-covered interval along 
the horizontal coordinate (z) 

cA  °C 35 reference; 20–45 
sensitivity interval 

Fitted screening 
coefficient 

Local cable-induced 
temperature-amplitude 
parameter in Equation (13) 

cτ  h 72 reference; 48–120 
sensitivity interval 

Fitted screening 
coefficient 

Thermal response time of 
cable-induced temperature rise 
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cz  m 500 reference Assigned from cable-
placement geometry 

Center of the longitudinal 
cable-influence zone 

cσ  m 
200 reference; 150–250 
sensitivity interval 

Fitted/assigned 
smoothing parameter 

Longitudinal smoothing scale 
of the distributed cable-
temperature response 

bμ  1C° −  
0.025 reference; 0.020–0.035 
sensitivity interval 

Fitted from viscosity–
temperature behavior 

Temperature-sensitivity 
coefficient in the exponential 
viscosity law 

refq  t/day 84.1 
Reference calibration 
point 

Conventional SAGD oil rate 
used for normalized oil-rate 
response 

refk  mD 1000 Reference input 
Reference permeability for 
normalized oil-rate response 

refμ  mPa·s 700 Reference input Reference initial oil viscosity 

refH  m 18 Fitted screening value 
Reference chamber-height scale 
used in the normalized oil-rate 
response 

kα  dimensionless 0.35 
Fitted screening 
exponent 

Permeability exponent in 
normalized oil-rate response 

μβ  dimensionless 0.50 
Fitted screening 
exponent 

Viscosity/mobility exponent in 
normalized oil-rate response 

Hγ  dimensionless 0.65 Fitted screening 
exponent 

Chamber-height exponent in 
normalized oil-rate response 

maxH  m 25 Fixed by net oil-
saturated thickness 

Maximum admissible steam-
chamber height 

maxW  m 70 Assigned geometric 
closure 

Maximum admissible chamber 
width in the reduced-order 
chamber model 

Ha  h−1 0.018 Fitted screening 
coefficient 

Chamber-height growth 
coefficient 

Wa  h−1 0.010 Fitted screening 
coefficient 

Chamber-width growth 
coefficient 

kF  dimensionless 
0.25

ref

k
k

 
 
 

 Model closure factor Permeability correction for 
chamber growth 

Fμ  dimensionless 
0.20

ref

eff

μ
μ

 
 
 

 Model closure factor 
Viscosity correction for 
chamber growth 

cF  dimensionless 1.00 conventional; 1.03–1.08 
thermocable-assisted 

Fitted/assigned 
correction factor 

Thermocable-supported 
temperature-stabilization factor 

( )chL t  m [1 exp( )], 0.h L LL a t a− − = Reduced-order 
closure 

Active heated chamber length 
along the horizontal interval 

Table 4 makes the calibration status of the reduced-order model explicit. The 

thermocable-temperature parameters cA  , cτ  , cz   and cσ   control the spatial and 
temporal smoothing of the cable-induced temperature increment. The viscosity coefficient 

μβ
 , the normalized oil-rate exponents and the chamber-growth coefficients define the 

response of oil mobility and chamber geometry within the admissible screening domain. 
These parameters should not be transferred to another reservoir as fixed constants; they 
require recalibration against viscosity–temperature measurements, downhole 
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temperature profiles, steam-quality data and production-history observations before 
field-scale operational use. 

Table 5 presents the cross-regime matrix used to verify mass-balance consistency and 
to interpret the operating window under shallow, reference, deep and high-viscosity 
conditions. In Table 5, the effective steam rate is not an independently predicted 
production output. It is the scenario-specific steam mass used in the SOR mass-balance 
calculation after accounting for the selected operating case, heat-delivery efficiency and 
admissible-regime constraints. The nominal steam rate in Table 3 is retained as the 
reference design basis, whereas the effective steam rates in Table 5 are the consistent 
steam-mass inputs used to compare conventional and thermocable-assisted cases on the 
same SOR basis. 

Table 5. Cross-operating matrix used for mass-and-energy consistency testing and operating-
window interpretation. 

Scenario Depth, 
m 

Viscosity, 
mPa·s 

Cable 
Power, W/m

Effective Steam 
Mass Used for 
SOR, t/day 

Oil Rate, 
t/day 

SOR, 
t/t 

Interpretation 

S1: shallow 
conventional 500 700 0 196.0 98.0 2.00 Low depth penalty 

S2: shallow cable-
assisted 

500 700 45 190.6 104.7 1.82 Limited but positive 
cable benefit 

S3: reference 
conventional 

1000 700 0 227.1 84.1 2.70 Baseline comparison 

S4: reference cable-
assisted 1000 700 45 221.0 96.1 2.30 

Spatial heat-supported 
drainage 

S5: deep 
conventional 1500 700 0 235.2 73.5 3.20 High heat-loss penalty 

S6: deep cable-
assisted 

1500 700 45 229.1 88.1 2.60 Largest relative cable 
benefit 

S7: high-viscosity 
conventional 1000 1500 0 226.8 75.6 3.00 Mobility-limited case 

S8: high-viscosity 
cable-assisted 1000 1500 45 217.4 83.6 2.60 

Cable support partially 
offsets mobility penalty 

The cross-regime matrix in Table 5 is especially important for avoiding a single-case 
conclusion. It shows that the thermocable effect is not uniform across the experimental 
operating cases: the relative benefit increases when depth or viscosity makes conventional 
SAGD less thermally efficient. The values in Table 5 should therefore be interpreted as a 
mass-and-energy consistency matrix rather than as independent field-production 
measurements. This distinction is important because the same reference reservoir may be 
evaluated under different steam-delivery and thermocable-support assumptions while 
retaining a consistent SOR definition. 

Four verification checks were applied before interpreting the results. First, all outputs 
were screened for physically admissible ranges. Second, monotonic trends were checked 
for variables with expected directional behavior, such as steam temperature, viscosity and 
permeability. Third, SOR was cross-checked against the steam/oil mass balance in 
Equation (33). Fourth, thermocable-related heat-loss changes were interpreted as either 
dimensional heat terms or normalized heat-loss indices but not mixed in the same table. 

3. Results 
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To clarify the status of the results, the figures in this section distinguish fixed matrix 
points from interpolated or model-predicted response fields. The plotted response 
surfaces and contour maps should be interpreted as reduced-order screening outputs 
within the admissible screening domain rather than as direct long-term field-history 
measurements. Where paired reference-case values are compared, the interpretation is 
supported by propagated engineering uncertainty rather than by formal repeated-field-
trial statistics. The corresponding uncertainty bounds are reported in Table 6. 

Table 6. Reference-case comparison of conventional and thermocable-assisted SAGD with 
propagated engineering uncertainty. 

Indicator Conventional
SAGD

Thermocable-Assisted
SAGD

Difference Screening Interpretation 

Effective steam mass 
used for SOR, t/day 227.1 ± 4.5 221.0 ± 4.4 −6.1 t/day (−2.7%)

Scenario-specific steam-mass 
basis used for SOR 
consistency 

Oil rate, t/day 84.1 ± 2.5 96.1 ± 2.9 +12.0 ± 3.8 t/day 
(+14.3%)

Increase exceeds propagated 
paired uncertainty 

SOR, t/t 2.70 ± 0.09 2.30 ± 0.08
−0.40 ± 0.12 t/t 

(−14.8%)
Reduction exceeds propagated
paired uncertainty 

Estimated downstream 
measured-depth 
temperature, °C 

116 ± 6 151 ± 7 +35 ± 9 °C
Temperature increase exceeds 
propagated estimate 
uncertainty 

Normalized heat-loss 
index, dimensionless 1.00 ± 0.04 0.87 ± 0.04 −0.13 ± 0.06 

(−13.0%)
Reduction is larger than the 
propagated index uncertainty 

Interpretation Baseline thermal
drainage

Spatial heat-supported
drainage

Higher useful heat 
distribution

Screening-level comparison, 
not a repeated field-trial 
statistic 

3.1. Steam-Temperature Response 

Figure 3 reformulates the steam-temperature sensitivity test as a coupled 
temperature-quality response map. This presentation is less vulnerable to one-factor 
overinterpretation because steam temperature, steam quality, oil-rate response and SOR 
are evaluated together within the same operating domain. 

 

Figure 3. Coupled steam-temperature and steam-quality response map. Color indicates oil-rate 
response, while contour labels show SOR; the map demonstrates that the temperature effect must 
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be interpreted together with steam quality rather than as an isolated one-factor trend. Fixed matrix 
points are shown as markers; the color field is the model-interpolated response within the 
admissible screening domain. 

The transition zone in Figure 3 is important for engineering interpretation. For the 
reference viscosity, permeability, depth and steam-quality assumptions, the useful effect 
of steam temperature approaches a plateau within approximately 250–270 °C. This 
interval should not be interpreted as a universal SAGD threshold; it is specific to the 
declared admissible screening domain and should be recalibrated for other reservoir and 
steam-quality conditions. 

3.2. Oil Viscosity and Permeability Effects 

Oil viscosity and permeability must be interpreted jointly because viscosity controls 
flow resistance, whereas permeability controls the ability of the heated oil to drain toward 
the producer. Figure 4 therefore replaces the simple viscosity sweep with a two-parameter 
mobility field. 

 

Figure 4. Viscosity–permeability interaction map for oil-rate response and SOR. The figure replaces 
a one-factor viscosity curve with a two-parameter mobility field and shows how permeability can 
partly compensate for the negative effect of high initial viscosity. Fixed matrix points are shown as 
markers; the color field is the model-interpolated response within the admissible screening domain. 

Figure 5 extends the permeability analysis by adding reservoir depth as a second 
controlling parameter. This is necessary because permeability improves filtration 
capacity, whereas depth increases heat-loss exposure and reduces the useful fraction of 
delivered heat. 
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Figure 5. Permeability–depth interaction map for the conversion of delivered heat into oil-rate 
response. The figure shows that the same permeability value has different production meaning 
under shallow and deep heat-loss conditions. Fixed matrix points are shown as markers; the color 
field is the model-interpolated response within the admissible screening domain. 

3.3. Thermocable-Assisted SAGD Versus Conventional SAGD 

The direct reference comparison is shown in Figure 6 and summarized in Table 6. To 
avoid reducing the comparison to two isolated bars, Figure 6 uses a paired multi-indicator 
layout that simultaneously reports steam mass used for SOR, oil rate, SOR, downstream 
measured-depth temperature and the normalized heat-loss index. The comparison is 
interpreted together with propagated engineering uncertainty in Table 6. 

 

Figure 6. Reference-case paired comparison across production and energy indicators. The 
connected-point format compares conventional and thermocable-assisted SAGD by effective steam 
mass used for SOR, oil rate, downstream measured-depth temperature and normalized heat-loss 
index. The values correspond to the reference-case mass-and-energy consistency calculation rather 
than to independent long-term field-history measurements; propagated engineering uncertainty is 
reported in Table 6. 

Table 6 reports the quantitative reference-case comparison corresponding to Figure 
6 and adds propagated engineering uncertainty. The uncertainty bounds are not 
interpreted as formal confidence intervals from repeated field trials. They are used to test 
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whether the main screening differences remain larger than plausible uncertainty in steam 
mass, oil rate, temperature estimation and normalized heat-loss indexing. 

The values in Table 6 confirm that the reported oil-rate increase, SOR reduction and 
downstream temperature rise are larger than the propagated paired uncertainty used in 
the screening analysis. The normalized heat-loss-index reduction is also larger than the 
assigned index uncertainty, although it should be interpreted as a relative indicator rather 
than as a direct MW-scale loss reduction. The table therefore supports the reference-case 
comparison while avoiding a claim of formal statistical significance from repeated field 
trials. 

The reference-case comparison supports the central mechanism of this paper: The 
cable does not simply add bulk heat to the system. It changes where a small amount of 
heat is supplied and how the downstream temperature field is stabilized. The uncertainty-
bounded comparison indicates that the predicted improvement is not explained by small 
numerical fluctuations within the screening assumptions. However, the values should still 
be verified by distributed temperature sensing, steam-quality measurements and 
production-history data in a field pilot. 

3.4. Cable-Power Saturation and Longitudinal Temperature Stabilization 

Figure 7 examines cable-power response together with marginal production gain and 
total energy demand. This form is more informative than a single oil-rate curve because 
cable sizing must account for both incremental production and additional electrical input. 

 

Figure 7. Cable-power response with marginal production gain and total specific-energy indicator. 
The figure shows that the thermocable effect is beneficial but saturating; after the intermediate-
power interval, additional cable power gives a smaller oil-rate increment and must be checked 
against total energy use. Fixed matrix points are shown as markers; the connecting trends represent 
model-interpolated responses within the admissible screening domain. 
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The physical reason for this saturation is visible in the distance-power temperature 
map in Figure 8. Instead of comparing only two longitudinal profiles, the map shows how 
the entire horizontal interval responds to cable power. The relevant mechanism is not a 
large increase in total system heat but a reduction in the length of the downstream interval 
that remains below the effective viscosity-reduction temperature. ∆ 

 

Figure 8. Longitudinal temperature field as a function of measured distance and cable linear power. 
The map shows how cable power counteracts downstream cooling and extends the interval where 
temperature remains sufficient for viscosity reduction. Fixed matrix points are shown as markers; 
the color field is the model-interpolated response within the admissible screening domain. 

Using the reference temperature threshold implied by the viscosity-transformation 
model, thermocable assistance reduced the underheated downstream interval from 
approximately 280 m in the conventional case to approximately 90–120 m in the 45 W/m 
cable-assisted case. In the same comparison, the estimated downstream measured-depth 
temperature increased from about 116 °C to about 151 °C. Therefore, the apparent 
production leverage is linked to the reduction of a limiting cold interval rather than to the 
cable heat fraction in the total energy balance. 

The spatial chamber-field reconstruction in Figure 9 further illustrates that the cable-
supported case produces a more laterally continuous heated zone. This does not replace 
detailed reservoir simulation, but it provides a useful screening-level visualization of 
where useful heat is likely to contribute to chamber growth and mobility increase. 
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Figure 9. Thermal chamber structure for the reference case. Contours indicate the spatial 
distribution of the heated region and the transition from high-temperature chamber core to lower-
temperature halo. The contour field represents a model-predicted screening response within the 
admissible domain rather than a direct field-imaging result. 

3.5. Depth-Dependent Heat-Loss Compensation 

Depth is the main geological factor that increases the practical value of thermocable 
assistance. Figure 10 therefore presents the result as a heat-loss/productivity phase 
trajectory rather than as two separate depth curves. 

 

Figure 10. Depth-dependent heat-loss/productivity phase trajectory. Arrows show the shift from 
conventional SAGD to thermocable-assisted SAGD for each depth class, indicating simultaneous 
heat-loss reduction and oil-rate stabilization. The plotted shifts correspond to model-predicted 
screening responses for fixed depth classes within the admissible domain. 

Figure 11 combines vertical depth and cable power in a contour benefit map. This 
representation separates the depth-driven increase in thermocable usefulness from the 
saturation of the power response. 
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Figure 11. Thermocable relative-benefit map by vertical depth and cable linear power. The contour 
representation shows that cable assistance becomes more valuable at greater depth but remains 
subject to power saturation. Fixed matrix points are shown as markers; the color field is the model-
interpolated response within the admissible screening domain. 

3.6. Sensitivity Ranking, Operating Window and Energy Balance 

The sensitivity analysis in Figure 12 was formulated as a joint production-SOR map. 
This representation is necessary because a parameter that increases oil-rate response can 
also increase the steam-use penalty, and the two effects should not be judged from a one-
dimensional ranking alone. The sensitivity coefficients were calculated by symmetric 
perturbation around the reference thermocable-assisted case, with all non-perturbed 
variables fixed at their Tables 3 and 4 reference values. 

 

Figure 12. Joint sensitivity map for oil-rate response and SOR response. Each point represents one 
perturbed variable; the horizontal coordinate shows Sq, the vertical coordinate shows SSOR and 
marker size reflects the combined magnitude of the local response. The plotted sensitivities are 
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calculated from ±15% symmetric perturbations around the reference thermocable-assisted case and 
should be interpreted as local model-based screening indicators. 

Figure 12 shows that the governing variables do not act in the same direction with 
respect to production and steam efficiency. Effective steam mass has the strongest positive 
effect on oil-rate response, but it also increases the SOR-related penalty, which confirms 
that steam injection should not be maximized without an energy-efficiency constraint. 
Initial oil viscosity and vertical depth move the response toward lower production and 
higher SOR, indicating that fluid mobility and wellbore heat-loss exposure are the main 
limiting factors in the screening domain. Permeability and steam temperature improve 
the conversion of delivered heat into gravity drainage, whereas cable linear power 
produces a smaller but directionally favorable effect by increasing oil-rate response and 
reducing SOR. Therefore, the sensitivity map supports the interpretation of the 
thermocable as a secondary but systematic spatial heat-control element rather than as the 
dominant driver of SAGD performance. 
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where ,q iS   is the local oil-rate sensitivity coefficient for variable xi; ,SOR iS
  is the local 

SOR sensitivity coefficient for variable xi; ,i iq q+ −

  are oil-rate responses obtained at 

positive and negative perturbations of xi; ,i iSOR SOR+ −

  are the corresponding SOR 

values; 0q  and 0SOR  are reference-case outputs; and ,0ix  is the baseline value of the 
perturbed variable. Unless constrained by the admissible screening domain, the 
perturbation amplitude was ±15%. The reference thermocable-assisted baseline used for 
the sensitivity calculation was as follows: depth = 1000 m, initial oil viscosity = 700 mPa·s, 
permeability = 1000 mD, steam temperature = 260 °C, effective steam mass used for SOR 

= 221.0 t/day, cable linear power = 45 W/m, oil rate q0 = 96.1 t/day and 0SOR  = 2.30 t/t. 
Pairwise interactions were evaluated by comparing the two-factor response with the 

sum of the corresponding one-factor responses. For oil rate, the interaction residual was 
calculated as 

, ( ),q ij ij i jI q q q= Δ − Δ + Δ  (38)

where ,q ijI  is the pairwise interaction residual for variables xi and xj, t/day; ijqΔ
 is the 

oil-rate change under simultaneous perturbation of xi and xj; and 
,i jq qΔ Δ

  are the 
corresponding one-factor oil-rate changes. The same logic was applied to SOR. 
Interactions were interpreted qualitatively as weak when the residual was below 5% of 
the reference response, moderate at 5–10% and strong above 10%. 

Table 7 provides the local one-factor sensitivity coefficients used to support the 
graphical ranking in Figure 12. The table reports the baseline value, perturbation interval, 
oil-rate sensitivity, SOR sensitivity and main interaction note for each variable. The 
separation of Sq and SSOR is necessary because a factor that improves production can 
simultaneously increase steam-use penalty. 

Table 7. Local sensitivity coefficients and interaction notes for oil-rate and SOR response. 
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Variable 
Baseline 
Value 

Perturbation 
Interval 

Oil-Rate 
Sensitivit
y Sq 

SOR 
Sensitivity 
SSOR 

Main Interaction 
Note Interpretation 

Effective steam 
mass used for 
SOR 

221.0 t/day ±15% +0.62 +0.34 
Interacts with steam 
temperature and 
depth 

Dominant operational 
control, but higher steam 
input can increase steam-
use penalty 

Initial oil 
viscosity 

700 mPa·s ±15% −0.54 +0.48 
Strong interaction 
with steam 
temperature 

Dominant fluid-property 
limitation controlling 
mobility 

Vertical depth 1000 m ±15% −0.41 +0.36 Strong interaction 
with cable power 

Heat-loss and delivery-
penalty driver 

Permeability 1000 mD ±15% +0.38 −0.29 
Moderate 
interaction with 
viscosity 

Controls conversion of 
heating into gravity 
drainage 

Steam 
temperature 260 °C ±15%, bounded 

by 220–300 °C +0.31 −0.22 
Strong interaction 
with viscosity and 
steam quality 

Supports viscosity 
reduction and chamber 
growth 

Cable linear 
power 45 W/m ±15%, bounded 

by 0–60 W/m +0.16 −0.09 

Strongest in deep or 
downstream-
cooling-limited 
cases 

Secondary global sensitivity 
but systematic spatial heat-
control effect 

The sensitivity coefficients in Table 7 support the main design conclusion: cable 
power is useful, but it is not the primary global control variable. Effective steam mass, oil 
viscosity and vertical depth dominate the overall response because they define the 
thermal and filtration regime. Cable linear power has a smaller global sensitivity 
coefficient, but its interaction with depth indicates that it becomes more relevant when 
downstream cooling and wellbore heat-loss penalties are stronger. 

This result does not contradict the thermocable interpretation. The thermocable is not 
presented as the dominant energy source or the primary determinant of SAGD 
performance. It is presented as a targeted auxiliary control that improves the spatial 
usefulness of heat in thermally disadvantaged intervals. Therefore, cable sizing should be 
optimized together with steam supply, reservoir depth, oil viscosity and permeability 
rather than maximized independently. 

The operating-window map in Figure 13 translates this sensitivity structure into a 
practical screening tool. The preferred region combines oil rate above approximately 94 
t/day with SOR below approximately 2.45 t/t. This region is not obtained by maximizing 
steam rate alone; it requires a balanced combination of steam supply and distributed heat 
support. 
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Figure 13. Operating-window map for thermocable-assisted SAGD. The preferred window 
combines relatively high oil rate with moderate SOR rather than maximizing a single control 
variable. The preferred region follows the objective and constraints in Equations (31) and (32). Fixed 
matrix points are shown as markers; the color field is the model-interpolated response within the 
admissible screening domain. 

Because the thermocable consumes electricity, a separate heat-input balance is 
required. Figure 14 and Table 8 report the reference-case steam-temperature basis, 
saturated-pressure basis, steam dryness, equivalent enthalpy drop, steam-delivery 
efficiency and cable heat-utilization coefficient used in the heat-balance calculation. In the 
reference case, useful cable heat is approximately 0.026 MW, whereas useful steam heat is 
approximately 5.01 MW in the thermocable-assisted case. This corresponds to a cable-to-
useful-steam heat ratio of approximately 0.5%. This value is used only for global energy-
scale interpretation. The mechanism of the predicted benefit is evaluated at the local scale 
through the downstream heat-deficit compensation ratio in Equation (14). 

 

Figure 14. Heat-input balance for the reference case. The global cable-to-useful-steam heat ratio is 
used only for energy-scale interpretation, whereas the thermocable mechanism is evaluated through 
local downstream heat-deficit compensation. The values are calculated from the reference-case heat-
balance assumptions and are used for scale interpretation. 

Table 8 details the heat-input balance used to interpret Figure 14. The table separates 
useful steam heat, installed cable power, useful cable heat and the cable-to-steam heat 
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ratio so that the thermocable contribution is not misinterpreted as a dominant bulk heat 
source. The same table also reports a local downstream compensation interpretation, 
which is the relevant scale for explaining the predicted temperature and oil-rate response. 

Table 8. Approximate heat-input balance for the reference case. 

Quantity Value Comment 

Effective steam mass used 
for SOR 

227.1 t/day conventional; 221.0 t/day
thermocable-assisted

Scenario-specific steam masses used consistently 

with steam

oil

MSOR
M

=  

Mass flow rate 
2.63 kg/s conventional; 2.56 kg/s

thermocable-assisted
Converted from daily steam mass for heat-balance 
calculation 

Steam-temperature basis 260 °C reference caseSame steam-temperature basis as in Table 3 
Steam-pressure basis Approximately 4.7 MPaSaturated-steam pressure corresponding to 260 °C 
Steam dryness fraction (xs = 0.90) reference valueSensitivity checked over xs = 0.85–0.95 

Equivalent steam enthalpy 
drop 

2.8 MJ/kg
Reference screening value based on IAPWS-IF97 
steam/water properties; sensitivity checked over 
2.55–2.85 MJ/kg 

Gross steam heat input 
7.36 MW conventional; 7.16 MW

thermocable-assistedCalculated as (ms ∆hs) 

Steam-delivery efficiency sη  = 0.68 conventional; sη  = 0.70
thermocable-assisted

Reference screening coefficients; sensitivity checked 
over sη  = 0.65–0.72 

Useful steam heat 
5.00 MW conventional; 5.01 MW

thermocable-assisted
Calculated from gross steam heat input and sη  

Cable electrical input 0.0306 MW45 W/m × 800 m × 0.85 active coverage 
Cable heat-utilization 
coefficient cη  = 0.85

Reference screening coefficient; sensitivity checked 
over cη  = 0.75–0.90 

Useful cable heat 0.026 MWCable electrical input multiplied by cη  
Cable-to-useful-steam heat 
ratio ≈0.5%

Global energy-scale indicator; not used as the main 
mechanism metric 

Estimated downstream 
measured-depth 
temperature 

116 °C conventional; 151 °C
thermocable-assisted

Indicates local thermal stabilization in the 
downstream interval 

Approximate underheated 
downstream interval 

≈280 m conventional; ≈90–120 m
thermocable-assisted

Screening estimate based on the effective viscosity-
reduction temperature threshold 

Local compensation 
interpretation 

Cable contribution is small globally
but targeted locally

The thermocable is evaluated against downstream 
heat deficit, not against total useful steam heat 

Total-energy interpretation 
SOR improvement is primarily a

steam-efficiency and heat-placement
effect

Total SEC must include both steam heat and cable 
electricity 

Table 8 reinforces the local-compensation interpretation of thermocable assistance. 
The useful cable heat is small in absolute terms compared with useful steam heat; 
therefore, the thermocable contribution is not treated as bulk energy replacement. Its 
engineering relevance is instead associated with reducing the length and severity of the 
downstream underheated interval. In this interpretation, the 0.5% global energy ratio and 
the local thermal effect are not contradictory because they refer to different scales of the 
heat-transfer problem. 
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3.7. Cross-Consistency Checks and Three-Dimensional Operating Surfaces 

The model was additionally checked through three-dimensional response surfaces. 
Each surface is linked to the mathematical structure of the formulation and to a specific 
consistency requirement. The first requirement is that cable-related gains should increase 
with depth only when the heat-loss penalty is large enough for local compensation to 
matter. Figure 15 therefore maps relative oil-rate improvement as a function of vertical 
depth and cable linear power. 

 

Figure 15. Three-dimensional depth-power response surface. The predicted thermocable benefit 
increases with depth because wellbore heat-loss penalties become more important, while the power 
response saturates above approximately 45–60 W/m. The surface represents a model-predicted 
screening response interpolated between fixed matrix points within the admissible domain. 

The second check concerns steam-chamber geometry. Figure 16 visualizes the 
chamber as a three-dimensional heated body. This representation is linked to Equations 
(23)–(26): chamber height, width and volume are not independent outputs but 
geometrically constrained variables. The temperature color scale provides a qualitative 
indication of the transition from the high-temperature chamber core to the lower-
temperature thermal halo. 

 

Figure 16. Three-dimensional steam-chamber morphology for the thermocable-assisted reference 
case. The surface links chamber height, lateral spread and longitudinal growth to the thermal field 



Energies 2026, 19, 3218 29 of 37 
 

https://doi.org/10.3390/en19133218 

and illustrates why spatial heat placement affects drainage geometry. The surface represents a 
model-predicted screening response interpolated between fixed matrix points within the admissible 
domain. 

The third check concerns total energy performance. Figure 17 uses Equation (28) to 
map the normalized total SEC over steam rate and cable power. The surface shows that 
minimizing steam use alone is insufficient; excessive cable power or excessive steam rate 
can both move the system away from the most energy-efficient region. 

 

Figure 17. Three-dimensional total specific-energy-consumption surface. The optimal region is 
located at moderate steam rate and moderate cable power, which supports the operating-window 
logic rather than single-parameter maximization. The surface represents a model-predicted 
screening response interpolated between fixed matrix points within the admissible domain. 

The final consistency check is the mass-balance relation between steam rate, oil rate 
and SOR. In the reference case, the conventional operating case uses 227.1 t/day of 
effective steam for 84.1 t/day of oil, giving SOR = 2.70 t/t. The thermocable-assisted 
operating case uses 221.0 t/day for 96.1 t/day of oil, giving SOR = 2.30 t/t. The normalized 
heat-loss index in Table 6 is therefore not interpreted as a direct MW reduction; 
dimensional energy quantities are reported separately in Table 8. 

4. Discussion 
4.1. Physical Interpretation of the Thermocable Effect 

The results support a mechanism-based interpretation of thermocable-assisted 
SAGD. The useful cable heat is small when compared with total useful steam heat; 
however, the relevant mechanism is local rather than global. The thermocable provides 
the largest practical value where conventional steam delivery is spatially inefficient: long 
horizontal intervals, deep reservoirs and downstream regions with strong temperature 
attenuation. In such cases, a small distributed electrical input can reduce the downstream 
heat deficit, shorten the underheated interval and increase the portion of the horizontal 
section that remains above the effective viscosity-reduction temperature. This explains 
why the predicted oil-rate gain is larger than would be expected from the global cable-to-
steam heat ratio alone. 
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The scale mismatch is therefore resolved by distinguishing two denominators. For 
the global heat balance, the useful cable heat is compared with useful steam heat, giving 
a ratio of approximately 0.5%. For the local mechanism, the same cable heat is compared 
with the downstream heat deficit in the cable-covered interval. The latter comparison is 
more relevant for viscosity reduction and chamber continuity because oil-rate response is 
controlled by the coldest limiting section rather than by the average heat input over the 
whole SAGD system. 

The uncertainty analysis should be interpreted conservatively. The oil-rate, SOR, 
downstream-temperature and normalized heat-loss differences exceed the propagated 
engineering uncertainty used in the screening calculation, but they do not constitute 
formal statistical proof from repeated long-term field trials. The role of this analysis is to 
show that the reported reference-case differences are not smaller than the uncertainty 
inherent in the reduced-order screening assumptions. 

The findings are consistent with the classical SAGD view that production depends 
on chamber growth and gravity drainage rather than on nominal heat input alone [51–
53]. They also align with previous studies of electrical downhole heating, which 
emphasize start-up acceleration, local heat placement and reduction of cold intervals near 
the wellbore [54–56]. 

4.2. Engineering Implications 

The engineering implication is that thermocable-assisted SAGD should not be 
designed by maximizing cable power. Figures 7 and 11 show a saturating response. A 
technically defensible design should therefore specify a power interval, active coverage 
and operation duration that improve longitudinal thermal uniformity without producing 
unnecessary electrical-energy consumption. 

The lower global sensitivity of cable power does not contradict the thermocable-
assisted SAGD mechanism. Steam mass, viscosity and depth control the dominant energy 
and flow structure of the process; therefore, they naturally have larger sensitivity 
coefficients. Cable power is a secondary global variable, but it becomes important when 
the limiting mechanism is local downstream underheating. In such cases, the thermocable 
modifies the spatial distribution of useful heat rather than the total heat input. This is why 
the design conclusion is not to maximize cable power but to optimize it within a bounded 
operating window. 

For pre-field screening, the reduced-order digital-twin prototype can be used in three 
ways. First, it can identify cases where depth and viscosity make conventional SAGD 
thermally inefficient. Second, it can estimate whether a modest distributed heat source is 
sufficient to stabilize the downstream temperature profile. Third, it can define a bounded 
operating window before a more expensive full-physics thermal-reservoir simulation is 
launched. 

The operating-window maps should therefore be interpreted as a decision-support 
layer for experimental design. They indicate which combinations of steam rate and cable 
power deserve pilot testing, which combinations are unlikely to be energy efficient and 
where additional field measurements would most reduce uncertainty. 

A further practical implication concerns instrumentation. If thermocable assistance 
is deployed in a pilot test, the most informative measurements are not only total oil rate 
and injected steam mass but also distributed temperature along the producer, steam 
quality at the injection point, cable current and voltage, pressure response and produced-
fluid temperature. These measurements would allow the heat-placement mechanism 
identified in this study to be tested directly rather than inferred only from aggregate SOR 
improvement. 
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4.3. Preliminary Economic Screening and Electricity-Price Boundary 

The present work is not a full techno-economic assessment; nevertheless, an 
economic screening boundary is necessary because thermocable assistance adds electrical-
energy consumption to the SAGD process. The economic interpretation should therefore 
compare the incremental value of additional oil production with the additional electrical 
cost and the change in steam-generation cost. This screening relation is not intended to 
replace field-specific economic modeling, but it prevents the thermocable effect from 
being interpreted only through SOR and oil-rate indicators. 

,o o el c el s sp M c E c QΔΠ = Δ − − Δ
, (39)

where ΔΠ  is the incremental net value of thermocable assistance over the considered 

interval, USD or other currency unit; op  is the net oil value per ton after field-level lifting 

and handling costs, USD/t; oMΔ   is the incremental oil mass produced due to 

thermocable assistance, t; elc   is the electricity price, USD/MWh; ,c elE
  is the electrical 

energy consumed by the thermocable over the same interval, MWh; sc   is the steam-

generation heat cost, USD/GJ; and sQΔ  is the change in gross steam heat requirement 
between the thermocable-assisted and conventional cases, GJ. 

In this convention, 0sQΔ <  indicates a reduction in gross steam heat demand and 
therefore improves the incremental economic balance. Conversely, high electricity price 
or low incremental oil value can make thermocable assistance unattractive even when 
SOR improves. 

BE

,

,o o s s
el

c el

p M c Qc
E

Δ − Δ=  (40)

where 
BE
elc   is the break-even electricity price, USD/MWh. Thermocable assistance is 

economically admissible in the preliminary screening sense when 
BE

el elc c< . (41)

Equation (40) should be interpreted as a site-specific screening equation. It does not 

prescribe a universal electricity-price threshold because ,o sp c , produced-fluid handling 
cost, fuel-gas cost, carbon cost, water-treatment cost and electricity tariff vary between 
projects. 

The preliminary economic interpretation is summarized in Table 9. The table 
separates quantities already calculated in the thermal screening model from site-specific 
economic inputs that must be supplied by the operator before a field-scale decision can be 
made. 

Table 9. Preliminary economic-screening variables for thermocable-assisted SAGD. 

Variable Unit 
Reference or Required 
Value Status in This Study Role in Economic Screening 

oMΔ  t/day 
12.0 t/day reference 
increment 

Calculated from 
reference comparison 

Incremental oil mass produced by 
thermocable assistance 

,c elE  MWh/day 0.734 MWh/day 
Calculated from 0.0306 
MW cable electrical 
input 

Additional electrical-energy demand 
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sQΔ  GJ/day 
Site-specific; negative if 
steam heat demand is 
reduced 

Derived from gross 
steam heat comparison 

Change in steam-generation heat 
requirement 

op  USD/t Operator- or scenario-
defined Not fixed universally Net oil value after field-level costs 

elc  USD/MWh 
Operator- or tariff-
defined Not fixed universally Electricity-price input 

sc  USD/GJ Operator-defined Not fixed universally Steam-generation heat-cost input 

BE
elc  USD/MWh Calculated from 

Equation (40) 
Scenario output Break-even electricity price for 

thermocable assistance 

Economic 
admissibility rule 

— BE
el elc c<  Screening criterion 

Thermocable assistance is 
economically admissible only below 
the break-even electricity price 

Table 9 shows that the economic feasibility of thermocable-assisted SAGD cannot be 
inferred from the cable-to-steam heat ratio alone. The relevant economic condition 
depends on the value of incremental oil production, the cost of electrical energy and the 
change in steam-generation cost. For this reason, this manuscript reports a break-even 
electricity-price equation rather than a single universal cost value. A complete techno-
economic assessment should additionally include capital cost of the cable system, 
installation and workover costs, reliability and downtime risk, power-supply constraints, 
steam-generator fuel cost, produced-water treatment and emissions-related costs. 

4.4. Limitations and Validation Pathway 

The present model is a reduced-order experimental–analytical tool. It does not 
replace coupled geomechanical, compositional, or three-phase thermal-reservoir 
simulation. The reported values should therefore be interpreted as screening-level 
estimates within the declared operating envelope. Field calibration is required before 
using the model for operational control. Table 10 summarizes the main methodological, 
physical and economic limitations of the proposed reduced-order digital-twin prototype. 
The table is placed in the Discussion because these limitations define how the reported 
operating window should be interpreted and what validation steps are required before 
field-scale deployment. 

Table 10. Main limitations and required validation steps. 

Limitation Effect on Interpretation Required Next Step 

Reduced-order heat 
transfer 

Does not resolve all completion details, local 
heat-transfer resistances, multi-phase thermal 
coupling, or transient wellbore-reservoir 
interaction. 

Benchmark against detailed thermal-reservoir 
simulators and coupled wellbore heat-transfer 
models. 

Parametric steam-
chamber model 

Approximates chamber height, width and 
active volume using smooth reduced-order 
growth functions. Local heterogeneity, shale 
barriers, steam override and conformance 
effects are not resolved. 

Compare chamber-growth predictions with 
CMG/ECLIPSE-type thermal simulations, 
laboratory analogues, or monitored SAGD pilot 
data. 

Thermocable heat 
placement 

Uses an effective distributed heat-source term 
and a local compensation ratio rather than a 
fully coupled electrical–thermal cable model. 

Validate against distributed temperature 
sensing, cable current and voltage logs and 
measured downhole temperature profiles. 

Steam-property and 
heat-delivery 
assumptions 

Steam pressure, dryness fraction, equivalent 
enthalpy drop and delivery efficiency are 

Replace reference values with measured steam 
quality, pressure, temperature, separator data 
and site-specific steam-generator performance. 
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treated as reference screening parameters with 
sensitivity intervals. 

No long-term field-
history match 

Current results are screening outputs and 
should not be interpreted as a calibrated long-
term production forecast. 

Calibrate against field production history, steam 
injection records, pressure response, water cut, 
produced-fluid temperature and SOR trends. 

Uncertainty 
interpretation 

Reported uncertainty bounds are propagated 
engineering uncertainties, not formal 
confidence intervals from repeated long-term 
field trials. 

Add repeated pilot observations, instrument-
specific error estimates and statistical confidence 
intervals when field data become available. 

Operating-domain 
limitation 

Quantitative results are valid only within the 
declared admissible screening domain for 
depth, viscosity, permeability, steam 
temperature, steam quality, cable power and 
heating time. 

Recalibrate the model before applying it to other 
reservoir depths, fluid properties, completion 
geometries, steam qualities, or long-term 
operating regimes. 

Cable-power 
saturation 

Cable power is treated as a bounded auxiliary 
heat-control variable. The model does not 
justify unlimited cable-power increase. 

Optimize cable power jointly with steam rate, 
depth, viscosity, permeability, electricity cost 
and thermal-response measurements. 

Preliminary 
economic 
interpretation 

Provides only a break-even electricity-price 
screening relation and does not include capital 
cost, workover cost, reliability risk, downtime, 
field-specific tariffs, or emissions penalties. 

Extend the model to a full techno-economic 
assessment using operator-specific electricity 
price, steam-generation cost, oil netback, cable 
CAPEX/OPEX, downtime risk and emissions-
related costs. 

Digital-twin 
prototype status 

The framework is executable and decision-
oriented, but it is not a real-time synchronized 
field digital twin with automatic data 
assimilation. 

Develop a calibrated field implementation with 
online data assimilation from temperature, 
pressure, steam-quality, cable-power and 
production measurements. 

The validation pathway in Table 10 prevents overextension of the model. The present 
results are suitable for experimental screening and candidate-regime selection, whereas 
operational control requires calibration against field temperature profiles, steam-quality 
measurements, pressure response, production histories and detailed reservoir 
characterization. Economic deployment additionally requires a site-specific break-even 
electricity-price calculation, including oil netback, electricity tariff, steam-generation cost, 
cable CAPEX/OPEX, downtime risk and emissions-related costs. 

5. Conclusions 
A reduced-order digital-twin prototype for thermocable-assisted SAGD was 

developed for screening deep heavy-oil reservoirs under coupled heat-transfer, chamber-
growth and steam-efficiency constraints. The model provides a unified interpretation of 
oil rate, SOR, temperature distribution, normalized heat-loss response and depth-
dependent thermal penalties. It is intended for feasibility assessment and preliminary 
operating-window selection rather than for direct operational control without detailed 
field calibration. 

For the reference case, thermocable assistance increased the oil-rate response from 
84.1 ± 2.5 to 96.1 ± 2.9 t/day and reduced SOR from 2.70 ± 0.09 to 2.30 ± 0.08 t/t under 
propagated engineering uncertainty. The useful cable heat was approximately 0.026 MW, 
corresponding to about 0.5% of useful steam heat, so the effect cannot be interpreted as 
bulk energy replacement. The predicted improvement is instead attributed to local 
downstream heat-deficit compensation, reduction of the underheated interval and 
longitudinal temperature-profile stabilization. 

Within the reference screening interpretation, the bulk-energy contribution of the 
thermocable accounts for less than 1% of the useful heat input, whereas the dominant 
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explanatory mechanism is spatial: local temperature stabilization and reduction of the 
downstream underheated interval. This distinction is essential for avoiding overstatement 
of the thermocable as an energy source. 

Under the reference-case assumptions, steam temperature improved oil rate and 
reduced SOR up to an approximate plateau interval of 250–270 °C. This interval is specific 
to the reference viscosity, permeability, depth and steam-quality assumptions and should 
not be treated as a universal SAGD threshold. Increasing oil viscosity sharply reduced 
production and increased SOR, while increasing permeability improved the conversion 
of heat into gravity drainage. 

Cable power showed a non-linear saturating effect and a smaller global sensitivity 
coefficient than steam mass, oil viscosity and vertical depth. This does not weaken the 
thermocable interpretation because its role is not to dominate the total energy balance but 
to correct local downstream underheating. The main practical design implication is that 
cable power should be optimized within an admissible operating window instead of being 
maximized. The largest relative benefit occurs in deeper or thermally disadvantaged 
reservoirs where conventional SAGD is penalized by stronger wellbore heat losses and 
downstream temperature attenuation. 

The proposed reduced-order digital-twin prototype is suitable for preliminary 
engineering screening, comparative regime assessment and selection of candidate 
operating windows. Its quantitative outputs are strictly valid only within the declared 
admissible screening domain and should not be extrapolated to other reservoir depths, 
viscosities, permeabilities, steam qualities, cable configurations, or long-term field 
conditions without recalibration. 

An additional preliminary economic-screening relation was introduced to define the 
break-even electricity price for thermocable assistance. This relation shows that the 
method is economically admissible only when the value of incremental oil production and 
any reduction in steam-generation cost exceed the added electrical-energy cost. Therefore, 
thermocable-assisted SAGD should be evaluated jointly by oil-rate response, SOR, total 
specific energy consumption and site-specific electricity and steam-generation costs. 

The next development stage should include benchmarking against detailed thermal-
reservoir simulators and calibration using field temperature profiles, steam-quality 
measurements, pressure response, oil rate, water cut and production-history data. 
Overall, thermocable-assisted SAGD is most defensible when it is used to improve spatial 
heat utilization in thermally disadvantaged intervals, not when it is treated as a substitute 
for steam energy. 
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Abbreviations 
The table below lists the abbreviations used in the manuscript. This table is included to 

improve readability because the article combines SAGD terminology, heat-transfer notation and 
energy-efficiency indicators. 

Abbreviation Definition 
EOR Enhanced oil recovery 
SAGD Steam-assisted gravity drainage 
SOR Steam–oil ratio 
SEC Specific energy consumption 
VIT Vacuum-insulated tubing 
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