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(𝑊̇)
𝑒𝑙𝑒𝑐𝑡𝑟.

= 𝑚̇𝑤𝑓.(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)𝑣𝑒𝑟𝑡.𝜂𝑡𝑢𝑟𝑏.𝜂𝑔𝑒𝑛.𝜂𝑚𝑒𝑐ℎ.                           (2.1) 

where 𝜂𝑡𝑢𝑟𝑏.𝜂𝑔𝑒𝑛.𝜂𝑚𝑒𝑐ℎ. are turbine, generator and mechanical efficiencies. 

Figure 2.4 illustrates the single stage turbine expansion process. Carbon dioxide was 

utilized as a working fluid operating at temperature range from 120℃ to 30℃, and pressure range 

of 22MPa to 8MPa. The red line represents the two-phase boundary region. The dashed line is a 

constant entropy expansion (ideal case with 100% efficiency), and arrow shows the real turbine 

expansion with 0.81 efficiency. With 10 kg/s flow rate the calculated turbine work is 319.4 kW. To 

convert this work into electric power the generator efficiency of 0.96 and gearbox efficiency of 

0.97 were assumed (Quoilin et al., 2013).  The resulting electric power is 297.4 kW for a single 

turbine.  

 

 

Figure 2.4: Turbine expansion Enthalpy-Entropy chart. 

 

2.2.2 Condenser 

Cooling of w.f. after the turbine stage is an important design aspect. The temperature drop 

in the condenser represents the bottom line of the T-S diagram and influences the overall power 

produced by thermodynamic cycle (Moran and Shapiro, 2006). An implementation of a traditional 

cooling tower or cooling pond is not always possible because water source may not be available at 
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the well location (Varney et al., 2012). An air cooling condenser is comparatively cheap and easy 

to install (Wendt et al., 2011). There are many commercially available coolers ready to implement 

in this project, however, they are designed for a particular working fluid (R-22 or R134a) and 

cannot be simply applied to this project. 

A condenser design was performed in order to define the necessary heat rejection area 

required to cool the power cycle. This area is a constant parameter and stands as constraint for the 

power unit design. It cannot be changed during operating life and may restrict the amount of heat 

rejected by the condenser. Rejected heat from the system (𝑄̇𝑅𝑒𝑗.) is found from equation 2.2: 

𝑄̇𝑅𝑒𝑗. =  𝑈𝑐𝑜𝑛𝑑  𝐴𝑡𝑢𝑏𝑒𝑠∆𝑇𝑙𝑚.𝑐𝑜𝑛𝑑                                                           (2.2) 

where 𝑈𝑐𝑜𝑛𝑑  is overall heat transfer coefficient; ∆𝑇𝑙𝑚.𝑐𝑜𝑛𝑑 is log-mean temperature; 𝐴𝑡𝑢𝑏𝑒𝑠 is heat 

transfer area of the condenser tubes, which can be simplified by the number of tubes (𝑛𝑡𝑢𝑏𝑒𝑠) used 

in the design. 

𝐴𝑡𝑢𝑏𝑒𝑠 = 𝑛𝑡𝑢𝑏𝑒𝑠𝜋𝐷𝑡𝑢𝑏𝑒𝑠𝐿𝑡𝑢𝑏𝑒𝑠                                                       (2.3) 

where 𝐷𝑡𝑢𝑏𝑒𝑠 and 𝐿𝑡𝑢𝑏𝑒𝑠 are outer diameter and length of the condenser tubes. 

There are several arrangements of placing tubings in the condenser (Incopera, 1990). 

Additionally, to reduce the heat transport area and make a condenser compact the designer may use 

finned tubings. This project is not interested in finding the optimal condenser design for the power 

unit, so a single row arrangement is implemented to track the condenser surface area.     

The overall heat transfer coefficient  (𝑈𝑐𝑜𝑛𝑑)  is a function of convective heat transport 

from the w.f. to the ambient air with assumption of negligible conduction resistance through the 

tubing wall (Incopera, 1990). 

 𝑈𝑐𝑜𝑛𝑑  =
1

1
ℎ𝑤𝑓

+
1
ℎ𝑎𝑖𝑟

                                                             (2.4) 

where ℎ𝑤𝑓 and ℎ𝑎𝑖𝑟 are heat transfer coefficients of w.f. and air. 
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The log mean temperature (∆𝑇𝑙𝑚.𝑐𝑜𝑛𝑑) of the condenser is a function of cold and hot sides 

of the air and w.f. streams:  

∆𝑇𝑙𝑚.𝑐𝑜𝑛𝑑 =
(𝑇𝑤.𝑓.ℎ𝑜𝑡 − 𝑇𝑎𝑖𝑟.ℎ𝑜𝑡) − (𝑇𝑤.𝑓.𝑐𝑜𝑙𝑑 − 𝑇𝑎𝑖𝑟.𝑐𝑜𝑙𝑑)

𝑙𝑛
(𝑇𝑤.𝑓.ℎ𝑜𝑡 − 𝑇𝑎𝑖𝑟.ℎ𝑜𝑡)

(𝑇𝑤.𝑓.𝑐𝑜𝑙𝑑 − 𝑇𝑎𝑖𝑟.𝑐𝑜𝑙𝑑)

                               (2.5) 

In the equation 2.4 the overall heat transfer coefficient should be found from the numerical 

modelling. The simulator is mimicking a commercial cooler with parallel horizontal tubes and 

vertical air flow created by electric fan (Figure 2.5).  The analysis is shown in the Appendix B.  

 

 

Figure 2.5: The condenser simulation results.  

 

Here let us show some results and make some conclusions. Six meter length condenser 

with 20 pipes in total is enough to cool the unit with CO2 as a working fluid. Total condenser area 

is 25 m2. The cold side temperature was chosen as 15℃.  Increasing the cooling temperature 

increase the condenser area. 

Fan work is defined by the following expression: 

𝑊̇𝑓𝑎𝑛 =
𝑉𝑎𝑖𝑟𝐴𝑐𝑜𝑛𝑑.∆𝑃𝑐𝑜𝑛𝑑.

𝜂𝑓𝑎𝑛
                                                 (2.6) 

Combining Eqn. (2.2), (2.3), (2.4), (2.5), and (2.6) one can derive the relationship between 

the rejected heat rate and fan power requirement. 
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𝑄̇𝑅𝑒𝑗. = (
1

1
ℎ𝑤𝑓

+
1
ℎ𝑎𝑖𝑟

)(
𝐿𝑡𝑢𝑏𝑒𝑠𝜋𝐷𝑡𝑢𝑏𝑒𝑠𝜂𝑐𝑜𝑛𝑑.

𝑚̇𝑎𝑖𝑟∆𝑃𝑐𝑜𝑛𝑑.
)∆𝑇𝑙𝑚.𝑐𝑜𝑛𝑑𝑊̇𝑓𝑎𝑛            (2.7) 

The first term in brackets of the equation 2.7 is responsible for heat transfer between w.f. 

and air. It is a function of air and w.f. flow rate and fluids properties and cannot be found directly. 

The second term defines the size of the condenser and kinematic values of air flow. The third term 

defines the temperature factor of hot and cold sides of the condenser. As soon as the condenser’s 

geometric parameters are defined as well as operating conditions, all three terms would be a 

constant values, and with changing (𝑄̇𝑅𝑒𝑗.) one can calculate (𝑊̇𝑓𝑎𝑛). 

 

2.2.3 Brine Pump 

A brine pump assembly includes an electric motor, a multistage pump, safety valves, and 

tubing. Coordinated operation of all parts in the pump system is the main key of efficient and 

longtime duty. Thus, there are some of requirements for choosing correct parts. For example, a 

pump flow rate fluctuations should be less than 10%. Instability greater than 40 % in revolution per 

minutes for some may cause cavitational, harmonical or vibrational problems. Pump assembly can 

reach up to 72 ft (Coltharp, 1984) and can be damaged during installation into the horizontal pipe 

from vertical well. Build up radius cannot exceed 20 degrees per 100ft for the 9 5/8 inch diameter 

casing string and pumping set is not going to be installed into the bending radius (Bassett L., 2010).  

Figure 2.6 shows the general pressure distribution scheme. Here the brine pump creates 

suction pressure below the reservoir pressure in the production side (drain pressure), and higher 

than reservoir pressure in the injection side. For this analysis it is assumed that the drawdown is 

equal to the excessive pressure rise and the brine pump head is the sum of the drain and injection 

pressures. The choice of pump selection is strongly tied with the hydraulic head required to drive 

brine from the production to the injection sides, and overcome all pressure losses in the brine loop. 
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Additionally to that the circular pipe between producer and injector is working as an insulator. So, 

frictional pressure drop (∆𝑃𝑖𝑛𝑠.) should be added to the pump head pressure.  

𝑃𝑏𝑟.𝑝𝑢𝑚𝑝 = ∆𝑃𝑟𝑒𝑠.𝑝𝑟𝑜𝑑. + ∆𝑃 𝑝𝑟𝑜𝑑.
𝑐𝑜𝑚𝑝𝑙.

+ ∆𝑃𝑖𝑛𝑠. + ∆𝑃 𝑖𝑛𝑗.
𝑐𝑜𝑚𝑝𝑙.

+ ∆𝑃𝑟𝑒𝑠.𝑖𝑛𝑗                       (2.8) 

 

Figure 2.6: Pump placement in the horizontal offset. 

 

 

2.2.4 Downhole Heat Exchanger 

Various design ideas for the DHEs were proposed recently. In general, they can be divided 

into three main groups by interaction with reservoir rock/fluid: conduction, natural convection, and 

forced convection types. The first type is utilized in the condenser cooling schemes with shallow 

wells. The conductive heat transfer occurs from the vertical well to the reservoir (Figure 2.7 right). 

Electric power production for a long-term operation is commercially not feasible due to slow heat 

exchange process (Nalla et al., 2004).  

Wang et al. (2009) considered natural convection type for a thermosiphon scheme (Figure. 

2.7 left). The design consists of a vertical coaxial heat exchanger with working fluid moving 
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through the inner tubing. At the same time, hot brine flows through the perforations into the outer 

annulus and discharges back to the reservoir driving by the density difference due to cooling.  

 

Figure 2.7: Reservoir and heat exchanger interaction schemes  

(after Nalla 2004 and Wang et al. 2009). 

 

The temperature distribution along the well is governed by geothermal gradient. The heat 

transfer occurs along the well, however, the hottest place is located on the bottom. To increase the 

efficiency the horizontal orientation of the DHE is more preferable. It enhances the contact area 

with a hot formation and therefore, the net power of the cycle (Feng, et al., 2015). Plaksina et al. 

(2011) proposed mono-bore scheme for geothermal heat recovery. Instead of using traditional 

scheme of separate injection and production wells, she combined both into one coaxial pipe. The 

design encloses the DHE that pumps geo-fluid through itself. Brine enters the DHE heats the 

working fluid and leaves back into the reservoir at the other end of the pipe.  

The third type implies forced convection between DHE and a formation fluid. The DHE 

was assumed to be installed at the horizontal well drilled in geo-pressured reservoir. The pumping 

equipment controls brine circulation at the optimal rate. This allows managing the heat exchange 

process and significantly increasing the amount of energy extracted from the reservoir. Feng (2012) 

proposed a scheme that allows producing 225 kW of energy using binary Organic Rankine cycle 

(ORC) with n-Butane as a working fluid. The flow direction of w.f. and brine was chosen in counter 
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flow direction due receiving higher temperature at the outlet (Incopera, 2006). The rest of the ORC 

sections were expected to run at the surface facility.  

 

2.3 System Constraints 

In geothermal projects the net power produced from the reservoir is defined by the 

temperatures of the hot thermal source and cold sink. Then the PC choice is based on hot and cold 

side temperature boundaries, pressures, and working fluid selection. Mostly, the ORC type with 

industry available refrigerants or hydrocarbons is taken into account. In our case the working fluid 

undergoes hydrostatically pressurizing to values higher than critical pressure. This condition adds 

some restrictions to the w.f. choice. Not every fluid may turn to the vapor form while travelling 

upward from the DHE depth. Additionally, the binary fluid should satisfy calculated operating 

parameters and criteria of toxicity and environmental safety. 

  Another parameter is reservoir depth. The traditional power plant analysis does not include 

hydrostatic and frictional pressure losses because the facility is placed at the surface and its parts 

are located close to each other. Here the w.f. is pumped into the reservoir depth, where the 

refrigerant becomes highly pressured. Thus, the stability of the working fluid becomes another 

constraint. The working fluid should be chosen from the single component type candidates.  

The deep well application would require high amount of the refrigerant needed for the 

system. This would increase the installation costs unless cheap working fluid is used. Carbon 

dioxide is abundant and cheap. Several ongoing projects are dedicated to solve the problem of CO2 

sequestration. Using CO2 in this project would have some positive impact on storing carbon dioxide 

in the well. 

The reservoir pressure at the target depth tends to collapse the well. Pressure inside the 

DHE is serving against the reservoir to protect the heat exchanger from destruction. Hence, the w.f. 

should provide high pressure at the bottom of the well.  
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While it is difficult to maintain a supercritical stage at the surface facility, due to high 

pressure and temperature conditions, in this project pumping the w.f. to the target depth makes it 

reasonable. Supercritical stages are preferable to work with due to ability of receiving higher power 

production and efficiency. Additionally, the fluid properties (thermal conductivity, specific heat) 

increases with pressure as was mentioned before. 

The heat transfer area of DHE is an important parameter. It is constrained by horizontal 

offset’s casing diameter from the one side, and length of exchanger from the other.  The casing 

diameter defines the DHE diameter size. The drill bit diameter is reduced gradually with depth 

while drilling a well. So, the DHE location will have small diameter in advance. In this project the 

9 5/8 inch well is proposed. Further reduction of the diameter will increase the frictional losses and 

higher diameter size is impractical from a drilling operation standpoint. The length of the horizontal 

offset is defined by the heat exchange process, working fluid and brine flow rates, and frictional 

losses. 

The working fluid pump defines the flow rate in the working fluid loop. A higher flow rate 

value is better for maximizing power production, however, this parameter is closely connected with 

brine flow rate. So, the brine and w.f. flow rates as well as DHE geometry are optimized in order 

to obtain both: hot working fluid entering the turbine stage and a maximum possible flow rate.  

The geo-fluid pump assembly is responsible for the brine circulation and bounded by 

keeping necessary brine flow rate for the heat exchange process. Power requirement is to overcome 

all pressure losses in the injection, production sides, and reservoir itself. At the same time, pump 

work should not take a significant portion of the produced electric energy.  

The turbine location is better to place close to the wellhead. If it is between the turbine exit 

and the condenser there is a long vertical flow distance of w.f. and an extra pressure drop is created, 

and an additional compressor would be needed to operate the system. 

The working fluid circulation loop may have phase change from liquid to vapor and the 

prime interest is to have this process only at the condenser stage. From the other side, it is better to 
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have w.f. circulation without any phase change in the condenser, or having operating conditions 

above the critical point. In this case no additional compressor is needed to operate the cycle. 

 The condenser has a constant surface area, but the amount of heat to be rejected varies 

with ambient air temperature fluctuations. It is necessary to have enough surface area and pinch 

point temperature difference to reject heat at the surface facility. 

An air cooled condenser is proposed to cool the working fluid and complete the phase 

change back to the liquid stage. The seasonal variations of ambient air temperature have some 

impact on power production. For numerical analysis a yearly averaged value is assumed.  
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CHAPTER 3: SIMPLIFIED MATHEMATICAL MODEL 

"Once we accept our limits, we go beyond them." 

Albert Einstein 

 

The purpose of this chapter is to introduce subsystems of the power unit, and derive an 

equation explaining the energy flow from the reservoir to the ambient air. Dimensionless analysis 

helps reduce the number of variables and connect subsystems with different scales. The chapter 

suggests several conclusions about the system application.  

 

3.1 System Modelling 

To simplify the design analysis the unit is divided into three subsystems: Heat Extraction 

Subsystem, which includes a reservoir, a brine ESP and a horizontal well; Power Generation 

Subsystem with Power Cycle (PC) and DHE; and Heat Rejection Subsystem that includes a 

condenser part on the surface (Figure 3.1).  

 

Figure 3.1: Subsystems of the power unit. 
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Let us discuss the energy flow in the system starting from the reservoir as a heat source 

and finishing by ambient environment as a cold sink. Figure 3.2 illustrates energy flow in the 

system. The red and grey arrows represent the energy flow from the reservoir to the ambient and 

energy losses respectively. The reservoir plays a role of a virtual battery, whose energy is extracted 

by the DHE. The reservoir recharge is coming from the hot surroundings and the brine pump work 

is needed to create a circulation of a geo-fluid inside the reservoir.  

The extracted energy is transferred to the PC where some portion is discharged to the 

ambient air through the condenser, and some is turned to mechanical rotation work in the turbine 

stage and later to the electric power in the generator. This gross power is distributed among the w.f. 

and brine pumps, and a condenser fan. The rest is net power, which one would like to have as much 

as possible. At each energy transfer stage there are energy losses from the system due to entropy 

generation (Moran and Shapiro, 2010).  

 

Figure 3.2: Energy flow chart.  

 

  To better understand system behavior let us introduce a mathematical formulation of the 

system as a combination of equations based on energy balance. According to the energy 
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conservation law the control volume energy change is equal to the energy flow in and out and some 

stored energy inside: 

(
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 

𝐶𝑉
𝑒𝑛𝑒𝑟𝑔𝑦

) = (
𝐸𝑛𝑒𝑟𝑔𝑦 
𝑟𝑎𝑡𝑒 𝑖𝑛

) − (
𝐸𝑛𝑒𝑟𝑔𝑦 
𝑟𝑎𝑡𝑒 𝑜𝑢𝑡

) + (
𝐸𝑛𝑒𝑟𝑔𝑦
𝑟𝑎𝑡𝑒
𝑠𝑡𝑜𝑟𝑒𝑑

)                               (3.1) 

This principle is used at any subsystem’s equation derivation that is introduced below. 

 

3.1.1 Heat Extraction Subsystem (HES) 

Let us assume no stored and generated energy is in the HES. Then, the rate of reservoir 

energy change per unit volume of the whole reservoir is triggered by the heat extraction rate in the 

DHE, and reservoir recharge mechanism associated by heat flow from the hot surroundings: 

(
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 
𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝑒𝑛𝑒𝑟𝑔𝑦

) = (
𝐸𝑛𝑒𝑟𝑔𝑦 
𝑟𝑎𝑡𝑒 

𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒
) − (

𝐸𝑛𝑒𝑟𝑔𝑦 
𝑟𝑎𝑡𝑒 𝑜𝑢𝑡
𝑖𝑛 𝐷𝐻𝐸

)                                         (3.2) 

Assumptions: 

 Radiative effects, viscous dissipation and work done by pressure changes are negligible; 

 Isotropic medium in the reservoir; 

 Steady-state energy extraction in the DHE, and PC. 

Then for solid (rock) and fluid (brine) phases presented in the elementary volume of the reservoir 

medium one can write an energy balance equation as shown in the Eqn. (3.3) and (3.4) respectively: 

(1 − 𝜙)𝜌𝑟𝑜𝑐𝑘 𝐶𝑝𝑟𝑜𝑐𝑘
𝜕𝑇𝑟𝑜𝑐𝑘
𝜕𝑡

= (1 − 𝜙)∇ ∙ (𝑘𝑟𝑜𝑐𝑘∇𝑇𝑟𝑜𝑐𝑘) + ℎ(𝑇𝑏𝑟. − 𝑇𝑟𝑜𝑐𝑘) − (1 − 𝜙)𝑄̇
′′′
𝑟𝑜𝑐𝑘    

(3.3) 

𝜙𝜌𝑏𝑟.𝐶𝑝𝑏𝑟.
𝜕𝑇𝑏𝑟.
𝜕𝑡

+ 𝜌𝑏𝑟.𝐶𝑝𝑏𝑟.𝑢 ∙ ∇𝑇𝑏𝑟. = 𝜙∇ ∙ (𝑘𝑏𝑟.∇𝑇𝑏𝑟.) + ℎ(𝑇𝑏𝑟. − 𝑇𝑟𝑜𝑐𝑘) − 𝜙𝑄̇
′′′
𝑏𝑟.       (3.4) 

where 𝜙 is reservoir porosity, 𝐶𝑝  is specific heat, 𝑘 is thermal conductivity, 𝑄̇′′′ heat extracted per 

unit volume, and ℎ is heat transfer coefficient. 


