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This study assesses the feasibility of geothermal electricity generation in Kazakhstan using Organic Rankine
Cycle (ORC) systems to exploit low- to medium-temperature geothermal resources. ORC systems efficiently
convert heat from moderate-temperature sources into electricity using organic fluids with boiling points lower
than that of water. Globally, ORC systems contribute over 3 GW of installed capacity, accounting for 25.1 % of
geothermal power production. Kazakhstan’s electricity generation rose from 85.3 TWh in 2013 to 98.4 TWh in
2023, with associated COz emissions increasing from 67.4 to 77.0 million tonnes. Despite known geothermal
reserves, the country has not yet developed geothermal power capacity. This study identifies the geothermal
potential of the Mangystau-Ustyurt and Almaty Artesian basins, with a focus on the Zharkent field. Among the
wells evaluated, Well 5539, with a wellhead temperature of 103 °C, is estimated to generate 5.467 TWh of
electricity annually, accounting for 51.9 % of the regional potential. Wells 1-RT and 2-TP also show strong
promise, with annual outputs of 2.471 and 2.598 TWh, respectively. Thermal power availability ranges from 5.1
to 8.3 MW, and the combined yearly potential of 10.5 TWh could offset 82.1 % of the Almaty region’s electricity
deficit and avoid 5.47 million tonnes of CO: emissions annually. The methodology includes thermodynamic
modelling and well data analysis to estimate geothermal electricity potential. This study represents the first
assessment of ORC-based geothermal power in Kazakhstan for low-temperature wells in a specific region.

1. Introduction

Geothermal energy can be harnessed in two primary ways: for direct
heat use and electricity generation. Direct applications involve extract-
ing heat from the Earth for residential heating, greenhouses, and in-
dustrial processes—widely implemented in geothermal-rich regions due
to their proven efficiency and simplicity. In contrast, electricity gener-
ation typically relies on high-temperature geothermal reservoirs. A key
innovation for lower-temperature resources is the Organic Rankine
Cycle (ORC) system, which uses an organic fluid with a lower boiling
point than water to convert geothermal heat into electricity. This system
enables the exploitation of geothermal sources previously deemed un-
suitable for power generation.
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ORC systems currently account for >3 GW of installed geothermal
power capacity worldwide, comprising approximately 25.1 % of the
total, especially in low- to medium-temperature fields [1]. Their
deployment demonstrates the technology’s maturity and scalability.

In June 2023, the International Energy Agency (IEA) hosted its 8th
Annual Global Conference on Energy Efficiency in Versailles, France.
The resulting Versailles Statement, endorsed by 46 countries, called for a
doubling of global energy efficiency progress by 2030 to support sus-
tainable growth and achieve net-zero emissions by 2050 [2,3]. Notably,
Kazakhstan was not among the signatories, reflecting its current
misalignment with international commitments to energy transition and
efficiency. Despite possessing substantial geothermal resources,
ORC-based geothermal electricity generation remains absent from
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national energy planning Table 1.

Electricity production in Kazakhstan increased significantly between
2013 and 2023, rising from 85.323 TWh to 98.389 TWh, an average
annual increase of approximately 1.570 GWh. During this period, the
share of electricity generated from natural gas grew steadily, reaching
an average of 10.6 %, while coal continued to dominate the energy mix.
This modest shift toward gas reflects a gradual transition, yet the pre-
vailing reliance on coal continues to drive environmental pressures. CO2
emissions from the power sector rose from 67.424 million tonnes in
2013 to 77.042 million tonnes in 2023, with an average annual increase
of 1.16 million tonnes—figures derived from the fossil fuel breakdown
of operating thermal power plants [4,5].

As of January 1, 2024, Kazakhstan’s installed electricity capacity is
composed of 66.7 % coal, 21.5 % gas, 7.3 % hydro, and 4.5 % other
renewables [6]. The country currently hosts 130 renewable energy fa-
cilities, with a combined installed capacity of 2388.3 MW (Table 2).
However, when compared to Kazakhstan’s total electricity con-
sumption—which exceeded 115 TWh in 2023 [7]—this renewable ca-
pacity remains modest. Even under optimal conditions, it would
generate approximately 20.9 TWh per year, accounting for <20 % of
national demand. This discrepancy highlights Kazakhstan’s continued
reliance on fossil fuels and underscores the need to accelerate the
development of renewable infrastructure. While the current trajectory
signals progress, the pace of expansion remains insufficient to meet the
country’s decarbonisation goals.

This study serves as a preliminary assessment of the feasibility of
geothermal electricity generation in Kazakhstan. By integrating
geothermal sources into the national energy mix, the country could
enhance energy diversification, decentralise generation, strengthen en-
ergy security, and make a meaningful contribution to its sustainable
development goals.

1.1. State-of-the-art Kazakhstan’s geothermal potential

Kazakhstan possesses extensive geothermal resources, yet these
remain vastly underutilised and are currently restricted to low-enthalpy
applications, such as spas, baths, greenhouse heating, and space heating.
Despite this, the country has significant untapped potential for elec-
tricity generation, particularly through the application of Organic
Rankine Cycle (ORC) systems to low- and medium-temperature
geothermal sources. Exploiting this potential could deliver consider-
able local and national benefits, enhance energy security, and support
the country’s transition toward a more decentralised and diversified
renewable energy portfolio.

Globally, ORC technology is well established and currently accounts
for over 3 GW of installed geothermal capacity, representing approxi-
mately 25.1 % of the total [1]. However, in Kazakhstan, scholarly and
policy attention has remained focused almost exclusively on direct-use
geothermal applications [8-10]. Electricity generation via geothermal
energy has yet to be systematically studied or integrated into national

Table 1
A decade of thermal power electrical production in Kazakhstan [4,5].
Year Electricity Electricity Total electricity ~ Total CO,
production by production by production emissions (Mt
coal (GWh) gas (GWh) (GWh) COy)
2013 77,622 7701 85,323 67.424
2014 78,773 8236 87,009 68.629
2015 81,371 7280 88,651 70.291
2016 82,110 7408 89,518 70.960
2017 82,425 8373 90,797 71.691
2018 86,795 9119 95,914 75.640
2019 85,955 8976 94,931 74.881
2020 86,663 9528 96,190 75.732
2021 91,164 10,702 101,866 79.999
2022 88,622 10,942 99,564 78.032
2023 87,366 11,023 98,389 77.042
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Table 2
The Renewable power available in Kazakhstan [6].

Technology Number of facilities Nominal Power (MW)
Windpower 46 957.5

Photovoltaic 44 1149.0

Hydropower 37 280.0

Biomass 3 1.8

Total 130 2388.3

energy planning. There is a notable absence of system-level assessments
that consider the feasibility of ORC implementation under local condi-
tions, such as well characteristics, infrastructure constraints, electricity
pricing, and regulatory frameworks. This study addresses that critical
gap by presenting the first techno-economic evaluation of geothermal
electricity production in Kazakhstan using ORC systems.

Historically, the most comprehensive geothermal studies were con-
ducted during the Soviet period, particularly between 1982 and 1991, in
southern Kazakhstan. These involved prospecting and appraisal work in
regions such as Turkestan, Arys, and Almaty, confirming substantial
geothermal reserves suitable for space heating and domestic hot water
supply. A 2022 pre-feasibility study further corroborated the long-
standing recognition of this potential [11].

Geothermal waters are widespread throughout Kazakhstan due to
the presence of deep artesian basins with water-bearing formations.
>100 exploration wells have revealed thermal waters with favourable
characteristics—adequate flow rates, temperatures, and chemical pro-
files—for energy use. There are currently 3544 registered underground
water deposits, collectively yielding over 42 million cubic metres per
day. These reserves are naturally replenished through precipitation and
surface runoff [12], offering long-term sustainability.

Despite this promising profile, groundwater in Kazakhstan and the
broader Central Asian region remains predominantly reserved for
drinking purposes, and its energy potential remains underexploited.
Unlocking this potential would support national decarbonisation ob-
jectives, reduce reliance on fossil fuels, and open opportunities for rural
electrification and industrial applications. To spatially characterise
geothermal potential, this study created the first territorial geothermal
distribution map of Kazakhstan using QGIS 3.32.0, based on the national
geothermal source registry [13].

Asillustrated in Fig. 1 and Table 3, geothermal sources in Kazakhstan
are geographically diverse and stratified by temperature, as determined
through spatial analysis conducted in QGIS using cartographic data from
the National Atlas of the Republic of Kazakhstan [13]:

e Low-temperature sources (20-40 °C), marked in green, cover

approximately 14 % of the national territory and are concentrated in

North Kazakhstan, Pavlodar, East Kazakhstan, Zhambyl, Kyzylorda,

and West Kazakhstan.

Moderate-temperature sources (40-75 °C), shown in yellow, cover

18 % of the area, primarily located in Pavlodar, Zhambyl, Kyzylorda,

Mangystau, and West Kazakhstan.

High-temperature sources (75-100 °C), marked in brown, are

located in Mangystau, Atyrau, and Turkistan, covering around 5 % of

the territory.

e Very high-temperature sources (>100 °C), shown in crimson, are
located in the Almaty and Mangystau regions, accounting for
approximately 2 % of the national area.

These sources are currently used for heating, greenhouses, and
bathing purposes but not for power generation. Given that over 85 % of
Kazakhstan’s electricity is produced from coal-fired thermal plants [12],
geothermal electricity offers a low-carbon alternative that is both
decentralised and domestically secure.

The reliable assessment of geothermal resources is essential for their
sustainable development. Various methods are used to estimate
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Fig. 1. Map of the distribution of geothermal groundwater in Kazakhstan.

Table 3
Distribution of geothermal sources over the
territory of Kazakhstan [13].

AT (°C) Area (%)
20-40 14
40-75 18
75-100 5

>100 2

geothermal potential, including the volumetric method, direct heat
extraction method, surface heat flux analysis, magmatic heat budget,
planar fault method, power density estimation, decline curve analysis,
and numerical modelling [14]. The volumetric method is widely applied
for resource quantification and was selected here due to its proven
relevance in similar geological contexts, such as Turkey’s Gediz graben
[15]. For long-term resource management, numerical modelling re-
mains the most effective approach.

In this context, we present the first comprehensive thermodynamic
and techno-economic model of a binary Organic Rankine Cycle (ORC)
system tailored to Kazakhstan’s geothermal conditions. Six geothermal
wells were initially evaluated, with three selected for detailed analysis.
Among these, Well No 5539 in the Almaty region was chosen as the
primary case study due to its favourable thermal output and regional
relevance. A comparative analysis of working fluids was conducted,
explicitly accounting for the seasonal temperature fluctuations charac-
teristic of the continental climate in Zharkent. This modelling frame-
work provides a robust basis for evaluating the technical feasibility and
optimisation of geothermal electricity generation under Kazakhstan-
specific constraints.

For the first time, a geothermal power study in Kazakhstan integrates
site-specific geothermal well data with system-level thermodynamic
modelling and environmental performance indicators. Although the
efficiency of ORC systems for low-temperature geothermal resources is
well established internationally, their application has not yet been sys-
tematically adapted to the geological, climatic, and regulatory context of
Kazakhstan. This study begins to fill that gap, addressing a critical

deficiency in both the academic literature and national energy planning.

The analysis also provides key insights into how low-enthalpy
geothermal systems can serve regions underserved by centralised
power infrastructure. Focusing on the Almaty region—Kazakhstan’s
most populous urban centre, with approximately two million inhab-
itants—the results demonstrate the potential of decentralised
geothermal electricity to reduce regional energy deficits and CO: emis-
sions. In doing so, the study contributes not only to the diversification of
Kazakhstan’s national energy mix but also to the country’s alignment
with global Sustainable Development Goals.

The novelty of this research lies in its integrated and multi-layered
approach. It combines the first spatial screening of geothermal poten-
tial across Kazakhstan with the technical characterisation of promising
wells, culminating in a detailed assessment of Well No 5539. A simpli-
fied yet representative thermodynamic model was developed to estimate
energy outputs, and the performance of the ORC system was tested using
fourteen different organic working fluids. Technical outputs, including
net electric power generation and annual energy production, were
quantified and subjected to uncertainty analysis using Monte Carlo
simulations. This analysis was followed by a techno-economic evalua-
tion based on the Levelised Cost of Electricity (LCOE) under both
deterministic and stochastic production scenarios. Taken together, these
contributions provide the first system-level techno-economic charac-
terisation of Kazakhstan’s geothermal electricity potential, establishing
a scientifically grounded platform for future development, investment,
and policy action.

Unlike previous studies, which have focused solely on the direct
thermal applications of geothermal resources, such as space heating
[16], this study provides the first comprehensive, system-level assess-
ment of electricity generation using ORC technology in the context of
Kazakhstan.

2. Materials and methods
2.1. Research area

To generate electrical energy, sources with high temperatures are
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needed. Therefore, this study considers in more detail the areas of
groundwater occurrence with high temperatures and their chemical
composition.

2.1.1. Sources with temperature (75-100 °C)

The Mangystau region has significant industrial reserves of thermal
waters with a constant temperature of 60-90 °C in summer and winter,
which can form alternative sources of heat and electricity. With its high
geothermal potential, this region can provide residents with environ-
mentally friendly and affordable thermal energy, contributing to the
decentralisation of energy production. The Mangystau region borders
two other areas of Kazakhstan, Atyrau and Aktobe, and two foreign
countries, Turkmenistan and Uzbekistan, covering an area of 165.42
km?. Fig. 2 depicts the temperature zones within the region. In this re-
gion, 21 % of the area has a temperature zone of >100 °C, 34 % has a
temperature zone of 75-100 °C, 37 % has a temperature zone of 40-75
°C, and 8 % has a temperature zone of 20-40 °C.

Given its high geothermal gradient, industrial relevance, and avail-
ability of thermal water resources with stable year-round temperatures,
the Mangystau region represents a top-priority candidate for geothermal
exploration in Kazakhstan [17,18]. These factors make the area partic-
ularly favourable for the deployment of geothermal power systems
based on the Organic Rankine Cycle (ORC).

The Mangystau-Ustyurt system of artesian basins in the Aral-Caspian
watershed offers significant geothermal potential. The Cretaceous and
Jurassic formations are sources of hydrogeothermal resources, with
thermal waters containing industrially significant concentrations of
iodine, boron, bromine, and other essential micro-components. The well
flow rates vary between 140 and 3500 m*®/day, and water mineralisation
ranges from 1 to 100 g/dm?, predominantly sodium chloride. Reservoir
temperatures range from 50 to 150 °C, indicating substantial potential
for sustainable energy production.

The Almaty Artesian basin, in the western part of the Ili Depression,
also shows significant geothermal potential. Neogene and Paleogene
thermocautery complexes have been discovered within this area, with
depths of up to

2600 m. The water discharged from the springs ranges from 10 to
2200 m?®/day, with mineralisation levels from 3 to 15 g/dm?®. The water
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temperature at depths of 700-3000 m can reach up to 84 °C. The
Zharkent deposit, on the border between the Almaty region and China,
covers 8616 km?, with geothermal sources reaching temperatures up to
165 °C at depth.

2.1.2. Unlocking geothermal potential for power generation

Given the high temperatures and flow rates of geothermal waters, the
Zharkent and Mangystau regions hold substantial potential for power
generation using the Organic Rankine Cycle (ORC), a technology well-
suited for harnessing low-enthalpy geothermal energy. The ORC can
enhance energy independence and reduce reliance on fossil fuels.

In 2015-2016, prospecting and deep exploration drilling at the
Zharkunak site assessed the sufficiency of geothermal resources for
direct use. The project successfully leveraged geothermal wells for
heating and other uses, demonstrating the feasibility of geothermal
energy for sustainable development. The wells of the Zharkent basin,
such as well No 5539, with temperatures exceeding 100 °C, are partic-
ularly promising for electricity generation, as they provide the steam
necessary for turbine operation Figs. 3 and 4.

2.1.3. Sustainability and integration

Using existing geothermal wells for electricity production aligns with
Kazakhstan’s efforts to decarbonise its energy sector and integrate
renewable energy sources. This study evaluates the potential of wells in
the Almaty region, specifically the Zharkent depression and the Zhar-
kunak field, as well as well No 5539, for power generation using Organic
Rankine Cycle (ORC) technology. By leveraging these local geothermal
resources, Kazakhstan can significantly reduce its reliance on coal-fired
power plants, contributing to a more sustainable and decentralised en-
ergy system.

In addition to geothermal potential, the Zharkent region is supported
by existing electrical infrastructure, including nearby substations and
medium-voltage transmission lines. This fact facilitates the integration
of future ORC-based geothermal power plants into the local grid,
ensuring stable energy delivery without the need for substantial network
upgrades [19].
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2.2. Research method

The organic Rankine cycle (ORC) is a promising technology for
small-scale power production and the exploitation of low-temperature
heat sources [20]. The main difference between conventional and
Organic Rankine Cycles lies in the use of an organic fluid instead of
water vapour. Organic fluids, used in Rankine cycles at lower temper-
atures, offer practical benefits due to their favourable thermodynamic
properties, such as lower boiling points compared to water. This allows
the cycle to efficiently convert thermal energy into work at sources with
lower temperatures, thereby improving the efficiency and viability of
systems like geothermal power plants and waste heat recovery in

industrial processes. Organic fluids enable these systems to operate
effectively where traditional water-steam cycles would not even oper-
ate. The ORC system is more efficient, flexible, and safe than conven-
tional energy systems. Furthermore, ORC guarantees low maintenance
requirements, fast start-up and stop procedures, and efficient partial
load operations [21].

In the early 1980s, Kalina proposed a new family of thermodynam-
ically reversible heat engines for expansion and compression, utilising
sources such as solar thermal, geothermal, biomass, and industrial waste
heat. Moderate heat is generated from these energy cycles using a
mixture of ammonia and water as the working fluid. This type of cycle
configuration was called the Kalina cycle, replacing the previously used
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Rankine cycle as the primary cycle for a combined-cycle power system,
as well as for generating electricity using low-temperature thermal re-
sources [22-24].

The Kalina cycle is a modified version of the Rankine cycle. The
modifications that complete the cycle conversion from Rankine to
Kalina consist of proprietary system designs that specifically exploit the
advantages of the ammonia-water working fluid. These unique designs,
used individually or in various combinations, comprise the Kalina family
of distinctive cycle systems. This is analogous to the Rankine cycle,
which essentially has many design variations such as reheat, regenera-
tive heating, supercritical pressure, dual pressure, etc., all of which can
be applied in various combinations [25,26].

Compared with the Rankine cycle, the Kalina cycle has similar de-
vices in the cycle configuration. However, the Kalina cycle has one more
degree of freedom than the Rankine cycle, which is the ammonia-water
mixture fraction. Therefore, the thermodynamic performance of the
Kalina cycle will largely depend on the ammonia-water mixture fraction
and the parameters of the devices in the cycle. Regarding the ammonia-
water mixture fraction, the design studies of the Kalina cycle for low-
temperature and moderate-temperature geothermal resources indicate
different ammonia-water mixture compositions, typically around 70 wt
% ammonia [22,24,25].

Theoretically, the Kalina cycle can help convert approximately 45 %
of the heat consumed by a direct-fired system into electricity and up to
52 % for a combined cycle plant (a gas turbine produces exhaust gases
that enable a steam turbine to produce electricity). This compares to
approximately 35 % and 44 % for a steam cycle [26,27]. Furthermore,
Kalina cycles can yield up to 32 % more energy by using industrial waste
heat compared to a conventional steam Rankine cycle. However, the
Kalina cycle performs better than a traditional steam Rankine cycle in
small direct-fired biomass cogeneration plants [27].

Additionally, the ammonia and water working fluid in a Kalina cycle
plant presents material issues that differ from those in a conventional
steam plant. Oxidation of plant components throughout the power cycle
is less likely because oxygen levels in the working fluid are deficient.
However, nitriding of high-temperature components is an issue that
must be considered when selecting superheater, reheater, and high-
temperature turbine components [21]. Except for turbines and super-
heaters, temperatures are low enough that carbon steels can be used
[25]. Regarding turbine design, copper-based alloys are susceptible to
corrosion in ammonia, so that some material substitution may be
required [27].

Corrosion and scaling continue to be persistent challenges in
geothermal energy systems, especially in heat exchangers and piping
exposed to chemically aggressive fluids. Penot et al. [28] conducted a
comprehensive study on geothermal installations in France, demon-
strating that mild steel and aluminium alloys show poor resistance under
such conditions. In contrast, high-performance stainless steels and tita-
nium alloys provide significantly better durability. Their findings
highlight that the extent and nature of corrosion are heavily influenced
by the choice of working fluid—particularly in ORC systems—making
fluid selection a crucial factor in determining material compatibility.
This relationship is addressed in Section 3, where the evaluation of
organic fluids comes before identifying suitable metallic materials for
geothermal applications.

The climate affects the performance of any thermal power cycle, and
therefore the exploitable resource. One of the first conditions, thus, is
the evaluation of resources based on local environmental conditions. In
a continental climate like Zharkent’s, summers are typically hot and dry.
At the same time, winters can be freezing and somewhat snowy. This
results in a wide range of temperatures throughout the year. For
instance, during the summer, temperatures can climb well above 30 °C,
occasionally reaching 40 °C in the hottest periods. In contrast, winter
temperatures can drop to —20 °C, especially during the coldest nights of
December and January, in the lower regions.

These temperature variations influence the thermal efficiency of the
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ORC system. The first concern is to evaluate the Carnot efficiency, i.e., if
the temperature range in which the machine will operate justifies the
investment. The Carnot efficiency is given by Eq. (1).

Ncarnot = 1- Tﬁc (1)
where T¢ is the absolute temperature (in Kelvin) of the cold reservoir,
and Ty is the absolute temperature of the hot reservoir. As previously
discussed, seasonal variations in ambient temperature significantly
affect the performance of Organic Rankine Cycle (ORC) systems by
altering the temperature of the cold reservoir. In the Zharkent basin,
summer air temperatures can reach up to 40 °C (313.15 K), while winter
temperatures commonly drop to —10 °C (263.15 K) [29]. This variation
has a direct impact on the theoretical efficiency limits of the system, as
described by the Carnot efficiency. The Carnot efficiency defines the
maximum possible efficiency of any heat engine converting thermal
energy into work, and it depends exclusively on the temperatures of the
heat source and the heat sink. In this study, the hot geothermal fluid
serves as the high-temperature reservoir. At the same time, the atmo-
sphere functions as the cold reservoir, given the absence of a large
nearby body of water. For modelling purposes, the average summer and
winter air temperatures are adopted as reference values for the heat
sink. Table 4 presents the corresponding Carnot efficiencies calculated
for ORC systems operating under the thermal conditions of the Zharkent
geothermal wells.

As expected, Carnot’s efficiency varies significantly between summer
and winter. This preliminary assessment indicates that Well 1046 is
unsuitable for ORC deployment, as it yields a Carnot efficiency of <1 %
under summer conditions. By contrast, Wells 48 and 3-T achieve sum-
mer efficiencies of 1.9 % and 7.5 %, respectively, increasing to 17.5 %
and 22.2 % in winter, when the greater temperature differential en-
hances heat exchange performance.

However, real thermal efficiency is inherently lower than the Carnot
limit due to unavoidable irreversibilities and engineering constraints.
These include friction, turbulence, heat losses, non-isothermal heat
transfer, finite-time processes, and material limitations. Additional los-
ses arise from exergy destruction linked to entropy generation, as well as
design, operational, economic, and regulatory constraints.

Based on these considerations, the most promising candidates for
year-round ORC operation are Wells 5539, 1-RT, and 2-TP. Although
summer performance is lower, these wells maintain sufficient thermal
potential to ensure viable system operation, as summarised in Table 4.

2.2.1. Methodological steps and the thermodynamic model

Fig. 5 presents the methodological flowchart outlining the stages of
the study. The modelling process begins with the definition of input
parameters, namely the fixed thermophysical properties and flow
characteristics of geothermal waters. The first modelling step comprises
four parts: (1) quantifying the thermal power available in the wells (as
detailed in the subsection The power available in the wells); (2) con-
structing a single-loop thermodynamic model based on a simplified
Organic Rankine Cycle (ORC)a streamlined variation of the Kalina cycle;
(3) establishing operating assumptions for system components such as
turbine, heat exchanger, and generator efficiencies; and (4) computing

Table 4
Carnot’s efficiency for the Organic Rankine Cycle.

Well, name  Temperature at Carnot’s Efficiency Carnot’s Efficiency
or number the wellhead (K) Summer Tc=313.15 Winter Th=263.15 K
K (%) (%)

1046 315.6 0.8 16.6

48 319.2 1.9 17.5

3-T 338.5 7.5 22.2

5539 376.2 16.7 30.0

1-RT 371.2 15.6 29.1

2-TP 360.4 13.1 27.0
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Fig. 5. Methodological flowchart for evaluating a geothermal ORC system.

fluid properties across each stage of the cycle to determine net work
output. This stage uses R-407 as the reference organic fluid, with results
presented in the "Power of the Cycle" subsection. The model is applied to
estimate electricity production in the Almaty region, thereby concluding
the performance assessment phase and Section 2.

Section 3 presents a sensitivity analysis evaluating alternative
working fluids, supported by an iterative loop (Fig. 5), which enables
performance evaluation through fluid selection. An environmental
impact assessment follows, which includes an evaluation of organic fluid
emissions and potential carbon savings resulting from geothermal
deployment. The methodology is completed with uncertainty analysis
and a techno-economic assessment, providing insight into model
robustness and project feasibility.

The selected model is deliberately simplified to estimate electricity
production potential rather than optimise detailed ORC design. It
comprises four core components: evaporator, turbine, condenser, and
pump. This abstraction facilitates an initial assessment of the viability of
multiple geothermal ORC systems across the Zharkent basin. The
geothermal water enters the evaporator, serving as the primary heat
source. The model adheres to a control volume approach consistent with

I Condenser
© 1
|
| —®
|
@ @
|
| 5 v
Return Evaporator
p=1750 kF’a W @
Well
assumed pressure
3000 kPa
(a)

Results in Engineering 28 (2025) 107237

the formulation in [30], with governing equations accessible in standard
thermodynamics references such as [31] and [32]. A schematic of the
ORC configuration is provided in Fig. 6(a).

In this case, the selected model will evaluate the electricity produc-
tion potential rather than assess the ORC system’s design and efficiency.
One selected the simplest model, consisting of an evaporator, turbine,
condenser, and pump, to evaluate the possibility of multiple geothermal
ORC systems in the Zharkent basin. The geothermal hot water will be
directed into the evaporator, acting as the primary heat source. The
model was designed based on the control volume concept discussed in
[30]. The derived equations can be found in any standard engineering
thermodynamics reference, such as [31] or [32]. The model is depicted
in Fig. 6(a).

2.2.2. The power available in the wells

Due to the absence of operational geothermal power plants using
ORC technology in Kazakhstan, direct calibration of the model using
local experimental or field data was not feasible. Accordingly, the model
was not calibrated with site-specific datasets. Instead, its reliability was
assessed through comparative validation using performance parameters
published in the international literature for real-world ORC systems
operating with low-enthalpy geothermal resources. Reference studies
include Astolfi et al. [33], which examined binary ORC units optimised
for heat sources up to 120 °C, and Yu et al. [34], which presented
thermodynamic evaluations of ORC systems using direct evaporative
condensers. These sources provide typical operational ranges for ther-
mal efficiency and power output, offering a relevant empirical basis for
verifying the coherence of the simulation outputs generated in this
study.

To access the power in the well, one must present two hypotheses:
the well pressure and the type of soil. Since the well pressure is un-
known, a conservative value of 3000 kPa was assumed. It is unlikely that
self-draining geothermal wells will have lower static pressures. The
second hypothesis is that the existing soil type affects the heat transfer
efficiency from the well to the evaporator. Thus, the ORC’s efficiency is
directly influenced by the geological structure of the land of the Zhar-
kent source. Given that the land in the Zharkent source is sandy in these
wells, it could boost the well-evaporator heat transfer efficiency by up to
40 % [35].

It was assumed that the heat transfer efficiency between the
geothermal well and the evaporator is 40 %. This value represents the
typical thermal losses observed in sandy and unconsolidated sedimen-
tary formations when there is no active well insulation. Similar effi-
ciency levels have been reported in medium-depth geothermal systems
operating in aquifers with high porosity and thermal conductivity [36,
37]. This assumption is considered applicable to the southern regions of
Kazakhstan, including the Zharkent area, where comparable geological
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Fig. 6. (a) Typical layout of water line in blue. Water circulation from A to B; ORC fluid in orange; ORC circulation from 1 to 2-3-4; (b) the R407¢ temperature and
entropy evolution as it moves in the different parts of the circuit: 1-2 expansion turbine; 2-3 condenser; 3-4 pump; 4-1 evaporator.
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conditions prevail. The influence of this parameter is further assessed
through a sensitivity analysis, as it is one of the key factors in the model.
The realism of the assumed efficiency is supported by transient heat
transfer modelling in geothermal wells [36] and by thermal perfor-
mance evaluations of medium-depth geothermal systems [37].

The well heat capacity is calculated by considering the heat balance
between points A and B, representing the well tap’s inlet and outlet,
Fig. 6(a). This method allows us to determine the heat power of the well
accurately, given by:

Quer = M(hs —ha) ()]

where hg- may present a lower return pressure due to the head loss. The
mass flow is calculated from the volumetric flow, or the debit, by the
fluid’s density:

m=pv 3)

The evaluation of each well’s available heat power was made after
the determination of the thermodynamic properties of the water’s
vapour. The se properties were obtained from CoolProp [38] software
and are depicted in Table 5. CoolProp is an open-source library that
provides reference-quality thermodynamic properties for several fluids,
including water. The fluid’s properties were obtained to support the
previously discussed hypotheses, assuming an atmospheric baseline
condition: the average summer temperature was 40 °C and —10 °C for
winter; the pump inlet pressure was 3000 kPa to ensure that the outlet
pressure was a minimum of 1750 kPa. The pressure in geothermal wells
that self-drain can vary depending on the design, location, and opera-
tional conditions. Generally, pressure is regulated to optimise energy
extraction and maintain the well’s stability. Pressure in wells can range
from low values close to atmospheric pressure, such as those in open
systems, to much higher pressures in deeper or more confined systems.
The estimation of water pressure was based on the hypothesis of a
minimum of 3000 kPa since no pressure measurements were available.
By underestimating the well’s pressure, one ensures that the well’s heat
power assessment results are conservative.

Eq. (2) gives the heat power. The heat power capacity is provided by
the enthalpy gradient of the well inlet and outlet, multiplied by the
geothermal water mass flow [32]. The mass flow was calculated by
multiplying the volumetric flow rate by the water density at the specific
temperature and pressure conditions, as shown in Eq. (3).

The geothermal hot water is the primary heat source and is directed
into the evaporator. Inside the evaporator, the geothermal hot water
flows through a series of pipes or coils, part of a closed loop containing
an organic working fluid. The heat carried by the geothermal vapour
will be transferred to the circuit’s organic working fluid. The quantity of
heat transferred to the organic fluid can be estimated as indicated in Eq.
(4), where Q,,; is the heat power of the well and 7, is the efficiency of

Table 5
Geothermal water properties in the evaporator’s inlet and outlet.

Entrance point — Point A

Wells T T h H

,
m=pxv

P
o ®  Gym’) Wk K g
kgK)

Point A - 5539 103.0 376.2 956.145  437.047  1.342 48.25
p= 1-RT 98.0 371.2  959.754  410.966 1.285 23.23
3000 2-TP 87.2 360.4 967.151  365.521  1.161 28.14
kpPa

Point B - 40.0 313.2  992.210 167.615  0.572
p=
1750
kPa

Point B - 0.0 273.2  999.700 0.42117  0.151
p =
1750
kPa
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the heat transfer from the well to the evaporator, Qevap. One assumed a
40 % efficiency in heat transfer, supported in the literature [32].

Qevap = Mwenr QWCH 4

Eq. (5) provides the heat available from the well, where the well’s
flow rate, the water’s specific heat, and the outside environment’s
temperature are considered in any given season.

Quer = Moy (Ta — Te) 5)

Table 6 summarises the assumed efficiency values for the key com-
ponents of the ORC system. The turbine efficiency was set at 0.80,
consistent with recent studies reporting isentropic efficiencies of
approximately 80 % for radial-inflow turbines in small-scale ORC ap-
plications [39]. The generator efficiency was assumed to be 0.70,
reflecting typical conversion losses observed in decentralised ORC sys-
tems when transforming mechanical to electrical energy [40]. The heat
exchanger effectiveness was estimated at 0.40, a representative value for
geothermal ORC systems operating under subcritical conditions with
moderate temperature gradients [41].

The parameters used in Eqs. (4) and (5) to calculate the available
thermal power are listed in Table 7. Table 8 presents the resulting
thermal power values under both summer and winter conditions,
derived using Eq. (2) and the temperature and mass flow properties for
stations A and B provided in Table 5. As shown, Well 5539 exhibits the
highest available thermal power in both seasonal scenarios, delivering
nearly 8.4 MW of heat to the circuit, which makes it the most promising
candidate for electricity generation among the wells analysed.

2.2.3. The power of the cycle

Table 8 presents the estimated seasonal thermal capacity of each
well, indicating the maximum exploitable energy and reflecting varia-
tions in resource availability and suitability for electricity generation.
However, the electric power extracted from the geothermal well will be
a fraction of that, as clearly defined by the Second Law of Thermody-
namics. With this limitation in mind, a simple thermodynamic model
can be applied to evaluate the extractable resource of each well, as
depicted in Fig. 6.

As the geothermal hot water circulates in the evaporator, it transfers
heat to the organic working fluid, causing it to evaporate and generate
high-pressure vapour—process 4-1 in Fig. 6. The selected organic fluid
is R407c, chosen for its thermodynamic properties [42,43], including a
low boiling point and high vapour pressure, which are ideal for these
low-temperature wells. R407c was chosen once its critical temperature
was 10 K above the maximum well temperature. The phase change of
R407c occurs efficiently in the evaporator, minimising thermal losses
through a suitably designed large surface [44,45].

The criterion for selecting the organic fluid was determined by the
temperature of point 1 of the organic fluids cycle. When the fluid is at
Quality equal to 1 and a pressure of 3000 kPa, its temperature must be
lower than the well’s 2-TP temperature, i.e. 87.2 °C. If the fluid’s
evaporation is higher than the wells’ temperature, it cannot be used to
absorb the geothermal heat. For this part of the circuit analysis, one will
reference the R407c organic fluid. The influence of different organic
fluids will be explored further in the subsection on Fluid selection
criteria.

The high-pressure R407c vapour leaves the evaporator and goes into
a turbine. The turbine expands and spins the blades, converting thermal

Table 6

Assumed equipment performance efficiencies.
Constant Value
turbine efficiency 0.80
electric generator 0.70

heat exchanger 0.40
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Table 7 Table 10
Geothermal water properties of the three chosen wells. The R407c required mass flow m; for summer and m,, for winter.
Wells m (kg/s) ¢, (kJ/kg K) Ta (°C) Ty Winter (°C) Tg Summer (°C) Wells mg (kg/s) my, (kg/s)
5539 48.25 4.2192 103.0 -10.0 40.0 5539 31.517 32.872
1-TR 23.23 4.2134 98.0 —10.0 40.0 1-TR 13.950 15.030
2-TP 28.14 4.2026 87.2 -10.0 40.0 2-TP 13.717 16.138
bl Table 9. For simplicity, one assumed the turbine’s efficiency to be 80 %.
Table 8

The available thermal capacity of the wells under study.

Wells  Available heat power — Summer Available heat power — Winter

(MW) (MW)
5539  5.130 8.305
1-TR 2270 3.797
2TP 2232 4.077

into mechanical energy—Process 1-2 in Fig. 6. A shaft connects the
turbine to an alternator that converts the mechanical energy into elec-
trical energy. The fluid’s pressure and temperature drop after the tur-
bine, but it maintains a saturated state, where vapour and liquid coexist.
For summer conditions, the fluid’s quality will be 97.8 %, i.e., the R407c
will be vapour. In winter, pressure and temperature drops will be higher,
thus condensing more fluid. After the turbine, 95.8 % of the circulating
R407c will be vapour. A 4.2 % condensate is within the acceptable
operation limits of a vapour turbine [32,46].

After passing through the turbine, the R407c vapour is condensed
back into a liquid by a cooling system—process 2-3. In our case, this is
an air-cooled condenser. A pump then circulates the liquid back into the
evaporator to repeat the cycle, process 3-4.

For all processes, a steady state condition has been assumed for two
seasons for a system operating with R407c. System components’ pres-
sure drops and heat losses should be addressed [44-47]. Fig. 6(b) shows
the T-s diagram of this process, and the fluid’s properties are depicted in
Table 9. The table shows the properties of the organic liquid R407c
obtained from [31] and the schematics of the T-s R407c depicted in
Fig. 6(a).

A control volume at the evaporator allows for calculating the R407c
mass flow rate, as Eq. (6) depicts. The heat Q is provided in Table 10, and
the enthalpy is in Table 5.

m=Q/(h; —hy) ©)

The required mass flow rates of R407c for different seasons is 31.517
kg/s in summer for well 5539 and 32.872 kg/s in winter. Also, for wells
1-RT and 2-TP in summer, 13.950 and 15.030 kg/s, and in winter,
13.717 and 16.138 kg/s. Table 10 presents the mass flow of R407c for
both seasons.

The mass flow rates of the working fluid R407c were calculated using
the energy balance at the evaporator (Eq. (6)), with enthalpy values
drawn from Table 9. This approach ensures consistency between the
available thermal energy and the required heat input under the defined
seasonal operating conditions.

The vapour turbine’s maximum power is also determined by
applying a control volume [30]. The fluid’s enthalpy is presented in

Table 9

Thermodynamic properties of R407c for the summer and winter conditions.
Point P(kPa) T (K) v(m®/kg) h(kJ/kg) skI/kgK)  x (%)
1 3000 363.15  0.00575 436.130 1.6995 -
2 summer 1750 319.46 0.01645 419.076 1.6995 97.83
2 winter 404 262.92 0.20826 366.010 1.6995 95.84
3 summer 1750 313.15  0.00087 256.540 1.1909 -
3 winter 404 263.15 0.00076 186.720 0.9507 -
4 summer 3000 313.15 0.00087 256.540 1.1909 -
4winter 3000 263.65 0.00076 186.720 0.9507 -

Note that this value was used to calculate the mechanical power, not the
properties of point 2 of the assumed isentropic expansion.

Wars = m(hy — h2) 1], @

where: 7,,,;,=0.80

The system’s net power is given by the difference between the work
obtained in the turbine expansion and pumps, calculated as indicated in
Eq. (8), [30].

Woump = M v AP ®)

where v is the specific volume of the flow. As expected, the work from
the pumps can be ignored once calculations show it to be 0.01 % of the
turbines’ total expansion work.

The overall energy that can be extracted from each well is thus
presented in Table 11. Well 5539 has the highest available thermal ca-
pacity, with an electricity production potential of 825.0 GWh in summer
and 4 507.1 GWh in winter. As expected, the values are significantly
higher in winter than in summer because heat exchange will be much
more efficient in winter due to larger temperature differences. For wells
1-TR and 2-TP, the available electricity production in summer is 363.3
and 357.2 GWh, and in winter, 2 057.7 and 2 209.8 GWh, Table 11.

Electrical output values were obtained from thermodynamic ORC
simulations using R407c, incorporating seasonal temperature variations
based on regional climatic data. These outputs formed the basis of the
thermodynamic model, enabling evaluation of the ORC system’s effi-
ciency under different operating conditions. However, the developed
model is based on steady-state conditions and does not account for the
dynamic behaviour of the geothermal reservoir, including temporal
variations in pressure and temperature (e.g., thermal depletion or
reservoir pressure decline). Hydraulic losses in pipelines and heat ex-
changers are not considered, and the system is assumed to operate under
nominal full-load conditions. The part-load operation, which may occur
due to seasonal or fluctuating demand, is also not included at this stage.
These simplifications are justified by the conceptual nature of the study
and are intended to enable a preliminary evaluation of the ORC system
output. Future research will address these effects using more advanced
modelling tools that can more accurately reflect real-world operating
conditions. For example, recent studies on the Yangyi geothermal field
[37] have simulated pressure and temperature variations as well as
two-phase flow in the wellbore, providing valuable insights for further
refinement of our model.

The efficiency of the geothermal system was calculated based on the
data in Tables 8 and 11, which present the input (thermal) and output
(electrical) energy values for the studied wells. For well No 5539, the
calculated cycle efficiency was 11.86 %, which is naturally lower than
the theoretical Carnot efficiency (16.7 % in summer and 30.0 % in
winter). This value accounts for thermal losses and the characteristics of

Table 11
Possible extracted geothermal energy for the model operating with R407c
organic fluid.

Wells Summer (GWh) Winter (GWh)
5539 825.0 4507.1
1-TR 363.3 2 057.7
2-TP 357.2 2209.8
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low-temperature sources, confirming the realism of the model. More-
over, the obtained results are consistent with those of Astolfi et al. [33],
who demonstrated that binary ORC systems operating with heat sources
up to 120 °C achieved thermal efficiencies ranging from 8 % to 12 %,
depending on the cycle configuration and working fluid. Thus, the
model exhibits performance values typical of real-world installations
and is applicable for assessing the potential of ORC technologies in this
region of Kazakhstan.

3. Results
3.1. Estimated electricity production in the Almaty region

The final part of the model estimates electrical production from the
three geothermal wells, as shown in the Table 11. The potential elec-
tricity production, E, is calculated from the energy generated by the
turbines in summer and winter by each machine’s full power operating
time, t, by the electrical efficiency, Eq. (9).

9

In this model, the electrical efficiency is 98 %, and turbines operate
at 90 % of their nominal capacity 90 % of the time, with 10 % allocated
for downtime operations or maintenance. Therefore, the available
geothermal energy depicted in Table 11 can be converted into elec-
tricity, as shown in Table 12. Eighty-five per cent of the electricity
production will occur during the winter, which is related to the overall
system efficiency, as indicated by the thermodynamic system and local
weather conditions.

Tables 11 and 12 present the seasonal and annual geothermal energy
production for each well using R407c. The results highlight the system’s
sensitivity to reservoir temperature, with notable differences in perfor-
mance between summer and winter. R407c demonstrates relatively
stable output across both conditions; however, the choice of working
fluid remains a critical factor influencing thermal efficiency and total
energy yield. These findings emphasise the importance of fluid selection
and temperature conditions in optimising ORC system performance.

E=P TN etectric

3.2. Sensitivity to different organic fluids

The electricity production estimate in Table 12 was calculated for
R407c organic fluid. However, selecting an organic working fluid de-
pends on several criteria, including the nature of the heat source, turbine
and pump costs, and the properties of the fluid. Key variables in fluid
selection include the saturation vapour curve, low freezing point, high
stability temperature, high heat of vaporisation and density, viscosity,
heat transfer characteristics, low environmental impact, safety, good
availability, low cost, acceptable pressures, and compatibility of mate-
rials. Choosing the proper working fluid is crucial for the cycle’s oper-
ation and efficiency.

The selection of working fluid has been discussed in many scientific
articles and specific engineering reports [48-50]. Many articles pri-
marily address the thermo-physical properties of working fluids,
emphasising cycle efficiency, thermal efficiency, network output,

Table 12
Model’s estimated geothermal electricity production (GWh) for the model
operating with R407c organic fluid.

Wells  Summer  Winter Yearly Production Geothermal Production
(GWh) Break-down (%)
5539 825.0 4 53321 51.66
507.1
1-TR 363.3 2 2421.1 23.45
057.7
2-TP 357.2 2 2567.1 24.89
209.8
SUM 10 320.3 100.00
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second law efficiency, and so on. The types of working fluids include
dry, wet, and isentropic fluids. A dry fluid has a positive slope on the
saturation curve of a T-s diagram; a wet fluid has a negative slope; and
an isentropic fluid features an infinitely large slope. Generally, dry and
isentropic fluids are more effective for power plants based on the organic
Rankine cycle.

This study was further developed by extending the potential
geothermal power output through the examination and calculation of 14
fluids for three wells across both seasons. This yielded 84 possible values
for electricity production, of which 78 are feasible. The properties of the
three wells were calculated for the winter and summer seasons.

The power output depends on the physical state, pressure, and
temperature of the working fluid. Three tools were used to find these
properties: the Coolpack software [51] from the Technical University of
Denmark (DTU), the Pyromat property Calculator [52], a Python ther-
modynamics property library, and Thermostate [53], a property calcu-
lator software. All three were used to check the properties of the working
fluids.

The model’s parameters and electricity production were recalculated
for an additional 14 organic fluids as exemplified in Tables 9-12. One
will refrain from presenting the respective 52 intermediate tables for the
three wells. Table 13 summarises the estimated electrical production for
all these fluids. The fluid selection considered the fluid’s critical point,
phase change properties, and the high-pressure circuit line of 3000 kPa.
Eleven fluids were identified that fulfil the operating conditions re-
quirements of all three wells. Two fluids are unsuitable for well 1-TR: R-
1234ze(E) and R-227ea; and three are unsuitable for well 2-TP: R12, R-
1234ze(E) and R-227ea.

Fig. 7 presents a bar chart comparing the estimated annual electricity
generation for each of the working fluids analysed in this study. These
results reflect the thermodynamic properties of the fluids and support
the selection of R-152a as the most efficient and environmentally
friendly working fluid. The visual representation complements the nu-
merical data provided in Table 13 and clearly illustrates the differences
in performance among the tested fluids.

The results vary for all three wells, with improved electrical pro-
duction achieved by switching from R407c to another organic fluid
(Fig. 8). If R12 is used, the electricity production of well 5539 will in-
crease by 31 %. Better performance is also achieved by adopting R-
227ea, R-1234ze, or R-134a. The productivity improvement of 4 % for
well 1-TR is less remarkable when replacing the fluid with R12 or R154a
compared to well 5539. By replacing R407c with R152a, the production
improvement in well 2-TP will be only 2 %.

Figs. 7 and 8 further illustrate the significant impact of working fluid
selection on the efficiency of an ORC system. Wells with higher

Table 13
Total annual production results for each well. The results reflect the simulated
performance of the ORC system across a range of working fluids.

Total Electrical Production [GWh]

Organic Fluids Wells
5539 1-TR 2-TP

R12 6 981.2 2506.9 -
R-1234ze(E) 5485.6 - -
R134a 5056.3 2287.4 2 405.9
R-152a 5467.0 2471.3 25979
R-161 4759.6 2151.8 2268.5
R-227ea 57249 - -
R143a 3905.4 1769.2 1 870.6
n-propane 4478.1 1842.3 1 958.5
R115 4 455.6 2016.6 2122.5
R22 4518.0 2 046.9 2160.3
R404a 38721 1754.6 1 854.9
R407c 53321 2421.1 2567.1
R507a 3808.7 1726.1 1825.5
R125 3610.2 1637.3 1733.2
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Fig. 7. Performance comparison of selected working fluids based on annual electricity production.
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Fig. 8. The model’s relative power output increases and decreases by changing the organic fluid from R407c (based on the absolute values of (Table 13).

temperature and enthalpy, such as Well 5539, exhibit greater sensitivity
to fluid substitution, underscoring the strong coupling between reservoir
conditions and the thermophysical properties of the working fluid.
These findings reinforce the importance of site-specific optimisation in
geothermal system design.

The increase in productivity is not the only variable to consider.
Environmental factors such as Ozone Depletion Potential (ODP) and
Global Warming Potential (GWP-100-year), along with operational as-
pects like flammability and toxicity, must also be included in the eval-
uation. Table 14 summarises the key figures for these fluids.

The values of Ozone Depletion Potential (ODP) and Global Warming
Potential (GWP, 100-year horizon) are taken from the Kigali Amend-
ment to the Montreal Protocol [54] and ASHRAE Standard 34 [55].

Flammability classifications follow ASHRAE guidelines [55] and
experimental results reported by Kondo et al. [56].

The first fluid analysed was dichlorodifluoromethane (R-12), a col-
ourless gas commonly known by the trade name Freon (Freon-12). R-12
belongs to the group of chlorofluorocarbons (CFCS). The stability of
CFCS, coupled with their chlorine content, has linked them to the
depletion of the Earth’s protective ozone layer. This gas has been
globally banned since 2010 under the Montreal Protocol, signed in
1988. Kazakhstan adheres to this ban. It serves as the baseline for the
ozone depletion potential (ODP), which is 1.0. Its global warming po-
tential (GWP) over 100 years is 10,900, meaning that over 100 years, 1
kg of R12 will trap 10,900 times more heat than 1 kg of COz. The
following possible fluids are our reference fluid R407c, a ternary

11
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Table 14

Properties of liquids by Ozone depletion potential and global warming.
Refrigerant ODP GWP (100-yr) Flammability
R12 1.0 10,900 Non-flammable
R-1234ze(E) 0.0 6 Mildly flammable
R134a 0.0 1430 Non-flammable
R-152a 0.0 124 Mildly flammable
R-161 0.0 4 Mildly flammable
R-227ea 0.0 3220 Non-flammable
R143a 0.0 4470 Non-flammable
n-propane 0.0 3 Highly flammable
R115 0.6 7370 Non-flammable
R22 0.05 1810 Non-flammable
R404a 0.0 3922 Non-flammable
R407c 0.0 1774 Non-flammable
R507a 0.0 3985 Non-flammable
R125 0.0 3500 Non-flammable

zeotropic HFC mixture composed of R32, R125, and R134a in a mass
ratio of 23:25:52. R407c¢’s ozone depletion potential (ODP) is zero, while
its Global Warming Potential (GWP-100-yr) is 1774. R1234ze(E) is a
medium-pressure refrigerant classified as a flammable refrigerant (A2L)
according to the ASHRAE 34 standard [55]. It has no ozone depletion
potential (ODP), and its global warming potential (GWP) over 100 years
is 6 (Table 14). Despite its low flammability, R1234ze(E) can reduce the
flammability potential of other liquids. For instance, when mixed with
ammonia, the combustion capacity of a pure refrigerant may decrease
[56]. Furthermore, R1234ze(E) possesses both advantages and disad-
vantages that prevent it from serving as an alternative to low Global
Warming Potential (GWP-100-year) refrigerants currently in use, such
as R134a, R404A, R410A, and R22. Due to its similar normal boiling
point (T = 256 K), the refrigerant R-227ea can be used as an alternative
to R-12 and R-114. It is suitable for installations with high condensation
temperatures, such as high-temperature heat pumps. In addition to
refrigeration units, it is also beneficial for firefighting and fuel appli-
cations. It has no ozone depletion potential (ODP), and the global
warming potential (GWP-100-yr) is equal to 3220 (Table 14).

R-152a is a pure refrigerant made entirely of 1,1-difluoroethane
(C2H4F2) and falls into the single-component category. Its ozone deple-
tion potential (ODP) is zero, and its Global Warming Potential (GWP-
100-year) is 124.

It is used to replace R-134a in new systems. It has excellent thermal
and chemical stability, low toxicity, moderate flammability, and is
highly compatible with most materials. We selected R-152a as the
working fluid for our ORC geothermal power plant due to its thermo-
dynamic performance and low Global Warming Potential (GWP 124),
but primarily because it remains free from the increasing environmental
restrictions that threaten alternative fluids.

R-227ea and R-407c have very high global warming potential (GWP)
and are subject to phase-down regulations under the Kigali Amendment
[54]. Meanwhile, R-1234ze(E), despite its low GWP, is facing increasing
scrutiny for being a PFAS substance and may soon encounter bans in
various jurisdictions. In contrast, R-152a offers a future-proof, efficient,
and regulatory-compliant solution, making it the most sustainable and
responsible choice for long-term geothermal power generation.

Among all the evaluated working fluids, R-152a demonstrated the
most favourable combination of high thermal efficiency and low global
warming potential (GWP). Due to its environmental advantages, tech-
nical suitability, and reliable performance under local geothermal con-
ditions, R-152a is recommended as the optimal working fluid for ORC
systems in Kazakhstan.

Given this recommendation, particular attention must be paid to the
operational implications of using R-152a, which is classified as mildly
flammable (ASHRAE safety group A2). In this context, material selection
and safety protocols become critical. The most suitable materials for
heat exchangers and pipelines are stainless steels, such as AISI 316 L,
and aluminium alloys, owing to their corrosion resistance, thermal
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stability, and compatibility with fluorocarbon-based fluids [57].
Compared to mild carbon steel, which was used in early Kalina cycle
systems, these materials offer significantly improved protection against
pitting and intergranular corrosion in closed-loop ORC circuits. More-
over, safety measures, including leak detection systems, automatic
shut-off valves, and passive fire barriers, should be implemented by
international safety standards and best practices [58,59].

4. Critical analysis
4.1. Discussion and comparison with international studies

Well, 5539 (Table 13) stands out with an annual productivity of 5
467.0 GWh of electricity, significantly surpassing that of the other wells.
This result can be attributed to its notably higher temperature, as indi-
cated in the Table 6. The total annual electric energy of wells 1-TR and 2-
TP reach respectively 2 471.3 and 2 597.9 GWh. The total electric en-
ergy potential of all the wells under study is 10 536.2 GWh, under-
scoring the substantial potential for producing eco-friendly electricity in
the Almaty region, particularly in Zharkent. This potential could be
crucial in addressing the city’s growing electricity deficit, offering a
promising solution for a more sustainable energy future.

This study focused on two regions with almost identical energy
characteristics. However, it was found that Zharkent stands out in the
Almaty region due to its high energy dependency and exceptional
geothermal potential. The ratio between electricity production and
consumption is 12 825 GWh (output of 14 046 GWh, consumption of 26
871 GWh) [60]. The geothermal water temperature in the Zharkunak
field, in the Zharkent reservoir, is the highest recorded temperature in
Kazakhstan, making it a prime location for geothermal energy
exploration.

Almaty’s overall electricity deficit reaches 12 825 GWh, which is
necessary for the grid to supply the region from other areas. Highly
polluting coal thermal power plants compensate for this deficit. Local
exploitation of known geothermal fields in the Zharkent reservoir could
yield 10 536.2 GWh, accounting for 82.1 % of the current deficit. A
commonly accepted average emissions factor for coal-fired electricity
generation is 1 tonne CO: per MWh (Intergovernmental Panel on
Climate Change (IPCC, 2006 Guidelines for National Greenhouse Gas
Inventories). By adopting this type of ORC geothermal solution, 10.54
million tonnes of CO, will be prevented from being emitted into the
atmosphere each year.

To evaluate the practical feasibility and global comparability of the
proposed binary Organic Rankine Cycle (ORC) configuration, we con-
ducted a comprehensive analysis of implemented projects and recent
scientific advancements in medium-temperature geothermal
applications.

In Turkey, several binary ORC plants operate in geothermal regions
such as Germencik, Giimiiskoy, and Kizildere, where fluid temperatures
range from 100 °C to 150 °C and net electrical outputs span 3 to 15 MW.
These facilities commonly employ dual-loop configurations using fluids
like R245fa, R134a, and R-1233zd(E). Although both R-1233zd(E) and
R-1234ze(E) are hydrofluoroolefins, only R-1233zd(E)—a non-
flammable, low-pressure HFO—is widely used in Turkish geothermal
systems. In our study, we did not simulate R-1233zd(E) but tested R-
1234ze(E), a chemically related but more volatile fluid, which under-
performed compared to our reference, R-152a. Nevertheless, these
plants demonstrate stable operation and high efficiency under medium-
enthalpy conditions similar to those in Kazakhstan’s Zharkent region
[61-63].

In Iceland, low-temperature ORC units also show effective perfor-
mance. For instance, the FlGdir system operates at around 85 °C,
delivering electricity to remote communities. Despite modest source
temperatures, efficiency is maintained through optimised cycle design
and careful fluid selection [62].

Recent studies provide additional support for our configuration.
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Komarov and Shipkov (2022) showed that multistage ORC systems
using 120 °C geothermal sources could improve thermal efficiency by up
to 36.5 % over baseline designs [62]—a result particularly relevant to
Zharkent’s 103 °C resource, suggesting ample scope for optimisation.

The projected performance of our ORC model, designed for 103 °C
geothermal input, is consistent with outputs from comparable systems in
Turkey and Iceland. Additionally, Zharkent’s geological profile—char-
acterised by moderate geothermal gradients and accessible aquifers—-
closely resembles conditions in Western Anatolia and Southern Iceland.
This similarity enhances the transferability of international design
principles, fluid strategies, and operational protocols to the Kazakh
context.

With an estimated annual electricity production of approximately
10.5 TWh, our ORC model falls squarely within the performance range
of proven international systems. This reinforces the technical viability
and environmental justification for deploying binary ORC technology in
geothermally active regions of Kazakhstan, particularly where decen-
tralised solutions are needed to address electricity deficits.

4.2. Technical-economic uncertainties

The results will be incomplete without an uncertainty analysis of the
geothermal resource. When assessing the geothermal resource, it is
essential to remember that subsurface conditions significantly
contribute to the uncertainty in geothermal ORC forecasts [63,64]. A
Monte Carlo sensitivity study on geothermal ORC power output high-
lights that reservoir temperature is the most influential factor, signifi-
cantly affecting power estimates [64]. Flow rate and recovery factor,
closely tied to reservoir size, notably contribute to uncertainty, while
parameters such as rock heat capacity and plant uptime have a minimal
impact [65]. Additionally, the decline of the reservoir, as well as mineral
scaling and corrosion, can hinder operations and result in unexpected
output losses [28].

Forecasting geothermal power output involves significant un-
certainties, often expressed as confidence intervals or P90/P50 metrics
[65]. Quantifying uncertainty is crucial for planning geothermal ORC
projects. Developers present a range of outcomes (P90/P50/P10) to
investors, identifying key risks such as reservoir temperature and flow
capacity. By leveraging probabilistic tools, forecasters can provide
realistic production estimates, enabling decision-makers to formulate
effective mitigation strategies [63,66].

A U.S. DOE/NREL analysis found that for a site with an expected
reservoir temperature of 120 °C, the 95 % confidence interval could
range from approximately 100 °C to 140 °C [65]. Such variations can
significantly impact ORC efficiency—an ORC plant at 80 °C might have
an efficiency of under 10 %, while at 120 °C, it could exceed 12-15 %
[66]. These values are consistent with those presented for our case as
discussed in the previous subsection.

Uncertainties compound through modelling, leading to P95 esti-
mates being 20-30 % lower than median expectations [64,65]. A
renewable energy risk study found that the P90 estimate can be about 15
% below P50 [67]. In one example, a Canadian ORC project had only a
13-20 % chance of meeting an 18.9 GW/year target at a depth of 5 km,
improving to approximately 38-41 % at a depth of 6 km [68]. This
broadband uncertainty highlights the broad error bars in geothermal
forecasts, necessitating both P50 and conservative P90 scenarios for
advancing with project exploration.

Forecasts of geothermal power output are typically presented with
confidence intervals to account for uncertainties related to resource
availability and operational conditions. For instance, a statement such as
“Project X will produce 40 GWh/year (P50), with a P90 of 36 GWh and a
P10 of 44 GWh” reflects a + 10 % spread around the median and is
derived from probabilistic assessments such as Monte Carlo simulations.
Several methodological approaches exist to characterise uncertainty in
geothermal Organic Rankine Cycle (ORC) projects, including Volu-
metric Monte Carlo Analysis, Sensitivity and Tornado Diagrams,
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Probabilistic Reservoir Modelling, and Case Study Evaluation [63,64].
Empirical studies of real-world U.S. geothermal installations—drawing
on market data and dispatch behaviour—highlight the strategic value of
flexible operation. Modes such as curtailment during negative pricing
and ramp-up during high-price periods can increase the value of
geothermal electricity generation by $1-$4/MWh [63]. Such a value
range underscores the importance of staged or adaptive development
strategies, particularly in the face of subsurface uncertainty or under-
performance. In the case of the Zharkunak field, however, available data
are currently limited to surface-level temperature and water composi-
tion, precluding detailed resource characterisation at this stage.

To address this limitation while ensuring realistic performance
forecasting, a probabilistic assessment was conducted for the three
geothermal wells analysed in this study. Seasonal operational modelling
was complemented by a Monte Carlo simulation with 10,000 iterations,
applying a + 10 % standard deviation around the median (P50) thermal
output to capture plausible variability in geothermal system perfor-
mance (Fig. 9). This uncertainty band is supported by published
research: Steinbach et al. (2021) report an 8-12 % variation in thermal
output due to borehole placement and subsurface heterogeneity in
closed-loop systems [69], while Miranda et al. (2020) identify a 10-15
% spread between P10 and P90 values in deep geothermal reservoirs
caused by geological and operational variability [70]. These findings
validate the adopted uncertainty range and justify its application in
risk-adjusted energy yield projections for ORC-based geothermal elec-
tricity generation in Kazakhstan.

For Well 5539, operating at a geothermal input of 376.2 K with 90 %
annual availability, the estimated electricity output is 5 467.0 GWh/
year (P50). The conservative P90 scenario yields 4 920.3 GWh/year,
while the optimistic P10 scenario reaches 6 013.7 GWh/year. Well 1-RT,
with an input of 371.2 K, shows a median production of 2 471.3 GWh/
year, bounded by 2 224.2 GWh (P90) and 2 718.4 GWh (P10). Well 2-
TP, operating at 360.4 K, delivers 2 597.9 GWh/year (P50), with the
range extending from 2 338.1 GWh (P90) to 2 857.7 GWh (P10).

Based on international benchmarks, the levelized cost of electricity
(LCOE) for shallow closed-loop geothermal systems ranges between USD
$56 and $102 per MWh, with a representative P50 value of around $70/
MWh [71]. Applying this distribution to the three wells analysed, Well
5539, with a median annual production of 5 467 GWh, results in a P50
cost of $0.070/kWh, bounded by a conservative P90 estimate of
$0.090/kWh and an optimistic P10 of $0.055/kWh. Wells 1-RT and
2-TP, despite their lower output levels, fall within the same cost range
due to similar operational parameters and thermal conditions.

The estimated LCOE for these geothermal wells ranges from $0.055/
kWh (P10, optimistic case) to $0.090/kWh (P90, conservative case),
with a median (P50) of $0.070/kWh. While the actual production costs
of coal-fired power plants are often undisclosed due to market regulation
and proprietary accounting, international benchmarks suggest that,
under high-efficiency and strong pollution-control scenarios, coal-
generated electricity typically falls between $0.065 and $0.095/kWh
[72,73]. This indicates that in optimistic geothermal scenarios, elec-
tricity can be supplied at costs lower than those of advanced coal plants
with full emission controls. Even in conservative scenarios, geothermal
LCOE remains within the same range while providing significantly lower
carbon intensity and minimal air pollution.

These values account for seasonal load changes and uncertainties in
thermal performance, providing decision-makers with a probabilistic
framework that improves the resilience of operational and investment
planning. As site-specific knowledge advances and subsurface condi-
tions are better characterised, these uncertainty bands are expected to
narrow. This study is the first to assess the energy yield and costs of
geothermal electricity generation using Organic Rankine Cycle (ORC)
systems in this context, establishing a foundational benchmark for
future technical improvements and economic evaluations.
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Fig. 9. Probability Density Function of the Annual Electricity Output for Well 5539 with the representation of P10, P50, and P90 uncertainties, for a + 10 % standard
deviation around the median (P50) in a Monte Carlo simulation with 10,000 iterations.

5. Conclusions

This study offers the first comprehensive techno-economic and un-
certainty assessment of geothermal electricity generation using Organic
Rankine Cycle (ORC) technology in Kazakhstan. A territorial mapping of
geothermal resources was conducted using QGIS 3.32.0, identifying
significant potential in the Almaty and Mangystau regions. In particular,
the Zharkunak field in the Almaty region stands out for its high-
temperature wells—most notably well 5539—with an estimated
annual electricity output of 5 467.0 GWh, accounting for 51.9 % of the
region’s geothermal potential. This output could offset up to 5.47
million tonnes of COz emissions annually. The total potential production
from wells in the Zharkent basin reaches 10.5 TWh/year, sufficient to
cover 82.1 % of the region’s electricity deficit.

Thermal performance modelling confirmed the technical feasibility
of ORC deployment. Well 5539 achieved a calculated cycle efficiency of
11.86 %, aligning with the international benchmark range of 8-12 % for
low-enthalpy binary systems. This supports the model’s credibility and
the suitability of ORC systems under Kazakhstan’s geothermal
conditions.

In terms of emission mitigation, replacing coal-fired electricity with
geothermal energy from Zharkent could reduce annual CO: emissions by
up to 10.54 million tonnes, based on standard emission factors.

A thermodynamic screening of 14 working fluids identified R-152a
as the optimal candidate, combining high thermal efficiency, low global
warming potential, and favourable operational properties.

Uncertainty in electricity generation was addressed through a Monte
Carlo simulation incorporating a &+ 10 % standard deviation. For Well
5539, the projected electricity output ranged from 4 920.3 GWh (P90) to
6 013.7 GWh (P10), with a median of 5 467.0 GWh (P50).

The uncertainty analysis was complemented by a levelised cost of
electricity (LCOE) analysis, which returned a range of $0.055-$0.090/
kWh and a median estimate of $0.070/kWh. These figures confirm the
economic competitiveness of geothermal energy, especially in light of its
environmental advantages over fossil-based generation.

Limitations of this study include the absence of direct wellhead
pressure and flow rate data, which necessitated the use of conservative
assumptions based on geological inference. Nonetheless, the results
establish a robust scientific foundation for geothermal development in
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Kazakhstan and provide a practical reference for energy planning and
policy design. At the same time, the analysis demonstrates the technical
viability, environmental value, and economic attractiveness of ORC-
based geothermal energy—particularly in the Almaty region—as a
strategic pillar for diversifying and decarbonising the national energy
system.

Kazakhstan’s geothermal potential remains largely untapped. The
findings indicate that geothermal resources in Central Asia, which have
long been overlooked in regional energy analyses, can play a significant
role in mitigating electricity deficits and reducing COz emissions. ORC
technology thus emerges as a credible complement to Kazakhstan’s coal-
dominated electricity mix, with the potential to strengthen both energy
security and decarbonisation pathways.

Future research should build upon the current modelling by
including site-specific reservoir simulation, dynamic load matching, and
assessment of long-term operational reliability under local geochemical
conditions. Pilot-scale demonstration projects in the Almaty and
Mangystau-Ustyurt basins would be especially beneficial to verify the
modelled efficiencies and techno-economic estimates. Additionally, a
comparative analysis with alternative renewable technologies within
Kazakhstan’s policy framework would help to further clarify the role of
geothermal energy in the country’s national energy transition.
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