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Abstract

The scattered hot springs on the globe are natural thermal energy storages that are available for industrial
and recreational advantages. A hot spring is a hydrothermal system that can be used for power generation
purposes as well as deep-well geothermal plants. In the present study, a techno-enviro-economic study is
conducted to determine the power generation potential of hot springs as a heat source of the Organic
Rankine Cycle (ORC). The hot water temperature and discharge mass flow rate from hot springs varies
from 60 to 90 °C and 5 to 50 kg/s, respectively. The ORC plant is modeled by Aspen Plus V9. The impacts
of the temperature and mass flow rate of discharge from hot springs on the thermodynamics and economics
of the plants are investigated. The results indicate that increasing the hot spring temperature and discharge
mass flow rate improves the thermal efficiency and power generation capacity of ORC plant while Payback
Period (PP), Levelized Energy Cost (LEC), and Specific Investment Cost (SIC) shrink. The power
generation capacity varies from 9.3 kW to 303 kW and the LEC range is from 0.03 $/kWh to 0.13 $/kWh
based on the hot spring and water discharge mass flow rate.

Keywords: Geothermal energy; Natural energy storage; Hot spring energy plant; Techno-enviro-economic
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Nomenclature

The operation hours in a year (h)

lifetime (year)

the price of electricity ($/kwh)

Heat exchanger overall heat transfer coefficient (kW/m? °C)
Yearly payment

m Mass flow rate (kg/s)

0 Heat transfer crossing the component boundaries (kW)
4 Work transfer crossing the component boundaries (kW)
h Specific enthalpy (kJ/kg)

Vv Stream velocity (m/s)

z Stream elevation (m)

g Acceleration of gravity (m/s?)

T Temperature (°C)

A Area (m?)

C Cost ($)
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i The interest rate (%)

n Efficiency
Subscripts

in Inlet

out Outlet

sys System

h Hot

c Cold

w Water

wf Working fluid
evap Evaporator
T Turbine

p Pump

a Air

tot Total

Abbreviations

ORC Organic Rankine Cycle
SRC Steam Rankine Cycle
SIC Specific Investment Cost
CRF Capital Recovery Factor
FC Fuel Cost

IR Inflation Rate

B Tax Benefit

CT Carbon Tax

LEC Levelized Energy Cost
PP Payback Period

NE Net Earnings

1. Introduction

The accessibility of energy resources is an essential concern for each community. While near 80% of
primary energy comes from fossil fuels [1], projects are in progress to achieve half of the electricity
generation from renewable sources by 2030 [2]. Renewable energy technologies are cleaner sources of
energy while they are independent of fossil fuel shortage [3], particularly when several countries such as
Indonesia are estimated to deplete their fossil fuel reservoirs in five years [4,5]. Geothermal energy is known
as a renewable energy source with great potential which is already underutilized around the world [6].
Geothermal energy as natural energy storage is an enormous source of energy. Recent estimation shows
that around 43 x 10%° GJ energy is stored at a depth of 3 km from the Earth’s surface [7]. The commercial
application of geothermal energy resources was recorded more than 100 years ago [8], while it has been
forecasted that more than 8.3% of the world’s power generation would be harnessed by geothermal energy
in 2050 [9]. Total geothermal power generation was reached 116,000 GWh in 2018 and can be extended to
282,000 GWh by 2030 [2]. The geothermal energy media are dry steam, liquid water, and a mixture of
steam and water in various temperatures, that go through extraction technologies [10]. Hot springs, mud
pool, and geysers are also functional for hydrothermal systems in geothermal fields [11]. These media are
commonly used in the direct utilization of geothermal energy for agricultural, swimming pool, and
greenhouse purposes [12]. However, the indirect utilization of geothermal energy is implemented for
electricity power production [13], like Chena hot springs commercial power plant that generates 210 kW



of electricity power with 8.2% thermal efficiency [14]. Thermal springs with temperatures between 21 to
149°C exist in more than 80 countries [15]. Springs with a temperature more than the humans’ body are
known as hot springs [16]. In the United States of America (USA), 1072 thermal springs have been
identified in 23 States [17]. Also, 3398 hot springs have been recorded in China [18]. These numbers present
the promising capabilities of hot springs for implementing direct or indirect power generation. While the
cost of drilling can increase to 50% of the total cost of a typical geothermal power plant project [19] due to
the hardness of the rock drilling, harnessing power from hot springs as a heat source will significantly
reduce the total cost of a geothermal project [10]. Natural eruption in a hot spring makes it a natural energy
storage with more accessibility in comparison with the deep-well geothermal source. Using deep wells for
serving the geothermal energy plant may increase the risk of geological changes, but utilizing hot springs
with a natural eruption system as a heat source decreases the environmental impact in geothermal power
plants[20].

The objective of this study is to provide a guideline for harnessing energy from hot springs in power
generation plants. Although using low-temperature energy sources has received more attention in recent
years, there is not a comprehensive investigation of power generation by hot springs. The capabilities of
hot springs to generate electricity are assessed in the study by using the thermodynamic and financial
approaches. A technical model of the hot springs for power plants are developed as well as an economic
model for the hot springs with a wide range of temperatures and water discharge mass flow rates. The study
is aimed to find the impact of hot spring temperature and water discharge mass flow rate on the energy
generation capacity of a potential power plant.

2. Background

The natural energy storage (geothermal) resources are divided into three main categories based on their
temperatures as follows [21]:

e High-temperature reservoirs (i.e., T >220°C) are the most suitable ones for commercial electricity
production.

o Medium-temperature reservoirs (i.e., 100<T<220°C) are the most available resources,

o Low-temperature geothermal resources (i.e., T<100°C) have the lowest power generation among
geothermal resources.

The organic Rankine cycle (ORC) is an environmentally friendly approach for generating power proposed
to utilize low-grade heat sources [22]. The ORC can specifically address two main concerns of current
energy systems:

1- Decreasing the energy intensity of buildings and industry by recovering waste heat [23] through
the use of Combined Heat and Power (CHP) systems.

2- Developing a way to convert renewable energy sources (solar [24], geothermal [25], and biomass
[26]) to electricity more efficiently [27].

The ORC is conceptually similar to a steam Rankine cycle (SRC), but the working fluid is an organic fluid
instead of water [28]. The fundamental parameter in utilizing ORC refers to the organic working fluid that
should be safe, environmentally friendly, and economical [29]. When water implemented as the working
fluid, the following conditions must be considered [30]:

- additional pressure in the evaporator,
- excess complexity and cost of turbines,
- superheating to prevent condensing during expansion.



While employing organic fluid instead of water has other benefits including less heat for the evaporation
process, smaller temperature difference between the evaporation and condensation processes, and no
superheating required within the cycle [30].

Consequently, the application of geothermal energy sources using ORC systems, especially for low-
temperature heat sources, has been increased recently [30, 31]. Figure 1 shows the important historical
progress in the application of ORC in geothermal energy technologies [32, 33].
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Figure 1: Historical progress records in exploiting from ORC and geothermal energy

3. Methodology and Modeling

3.1. Thermodynamic Modeling
The single-stage ORC consists of the pump, generator, evaporator, condenser, and expander, as illustrated
in Figure 2. A closed-loop ORC is designed for the circulation of working fluid in the cycle, separating it
from the hot source (hot spring) and cold source (cold water or air). The operation of the cycle contains
four steps [36,37]:

1- The high-pressure liquid turns to vapor working fluid in the evaporator by receiving heat from a
hot source and exits the evaporator.

2- The high-pressure vapor expands via the expander joint with the electrical power generator, and
therefore, generates the electricity.

3- The low-pressure vapor working fluid exits from the expander enters the condenser to get cooled
down. The low-pressure vapor turns to saturated liquid by rejecting heat to the ambient cold air in
an air-medium heat exchanger.



4- The low-pressure saturated working fluid enters the pump to increase its pressure. The pump makes
the working liquid pressure equals to the evaporator pressure level. Then, the high-pressure
working fluid is ready to enter the evaporator to repeat the cycle.

Applying the mass continuity equation (equation (1)) to the energy plant is needed to find the mass flow
rates of inlet and outlet streams for each component [35,36].

D it = Y it = O”Z—ty (1)

. . dmgys .
where riin and moye are mass flow rates (kg/s) at the inlet and outlet of a system, respectively, and % is
mass storage rate within a system

Applying energy rate balance to the energy plant allows a deeper understanding of the energy level of the
ORC components in the form of work and heat. The energy balance can be written as:
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Here, h is the specific enthalpy in ki/kg, Q and W are heat and work transfer crossing the component
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boundaries in kJ/s, respectively. Also, V is stream velocity in m/s, and z is stream elevation in m. % is

the energy storage rate within a system in kJ/s.

To find the heat transfer area of the evaporator and condenser, the Logarithmic Mean Temperature
Difference (LMTD) is used [40]. The LMTD is a well-known method to evaluate the performance of the
heat exchangers and is suitable for the evaporation and condensation process in the heat exchangers [41].
The LMTD values associated with the evaporator and condenser can be written as follows.

(Th,out - Tc,in)) (3)
(Th,in - Tc,out)

where ATj,, is the logarithmic mean temperature difference in °C. Ty, o, and Ty, are hot stream
temperature in the outlet and inlet of the heat exchanger (i.e., evaporator or condenser) in °C, respectively.
Also, T, and T, ;, are cold stream temperature in the outlet and inlet of the heat exchanger (i.e.,
evaporator or condenser) in °C, respectively.

ATy, = ((Th,out - Tc,in) - (Th,in - Tc,out))/ln (
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Figure 2: Schematic of ORC power generation by using hot springs

Equations (1) and (2) are applied on each component of the ORC cycle presented in Figure 2. The following
assumptions are used to develop the thermodynamic model of the system equations (4) to (7).

- ORC system is at steady-state condition,

- A constant amount of working pressure in condenser and evaporator,

- Inlet and outlet sections of each component are at thermodynamic equilibrium,
- Pump and the expander (i.e., turbine) are adiabatic,

- The changes in potential energy and kinetic energy are negligible.

Applying equation (2) on the ORC cycle leads to equation (8). The customized results are equations (4),
(5), (6), and (7) which is used for calculation of component energy and heat transfer within hot spring
energy plant.

Evaporator:  Q;, = m,, X (hs — hg) = 1y, X (hy — hy) = Ugpap X Aevap X ATpnar (@)
Expander: Wy = n,, X iy s (Ry — hys) = My X 0 X (Ry — hy) (5)
Condenser:  Quyut = Mg X (hg — hy) = my,r X (hy — h3) = Ugona X Acona X ATima3 (6)
Pump: W, = myr(hys — h3) @)

Where the Ugyqp and Ucgonq are the overall heat transfer coefficient of the evaporator and condenser in
KW/m?, °C, respectively. Also, Agyqp, and Agong are the heat transfer areas of the evaporator and condenser
in m?, respectively. n,,, , 7, and n,, represent the generator efficiency, isentropic efficiency of the expander,
and isentropic efficiency of the pump, respectively. In addition, m,, s, m,,, and mi, denote the mass flow
rate of working fluid, water, and air in kg/s, respectively. Wr and W,,, show produced work in the expander
and required work in the pump in kW, respectively.



The work output and thermal efficiency of the ORC are determined by equations (8) and (9) as follows.

Whee = Wy — W, 8)
_ Waet ©)
Qin

Here, W,,.; is power output of the cycle in kW, and n is the thermal efficiency of the cycle. Also, Q;,
represents the heat transfer rate to organic fluid in the evaporator in KW.

3.2.  Enviro-Economic Modeling
Cost estimation is an essential part of a feasibility study. The economic model addresses both economics
of the energy plant as well as its environmental impact. The overall cost of the plant is categorized into
three major costs: initial investment, operating cost, and environmental business cost [37].

3.2.1. Initial investment:

The initial investment estimation in the ORC system was estimated by finding the cost of each component.
Two heat exchangers in the roles of the evaporator and condenser were implemented in the design.
Therefore, two heat exchangers, a pump, an expander, and an electricity generator were the main component
of the ORC system. The cost of labor, working fluid, and pipes were not considered since they can vary
from one project to another. Ultimately, the investment cost can be estimated by equation (10).

Ctot = Cevaporator + Ccondenser + Cturbine + Cpump + Cgenerator (10)
The Specific Investment Cost (SIC) is the ration of the investment cost to generated power as shown in the

below equation [38]:

Ctot (11)
Wnet

SIC =

The capital recovery factor (CRF) is estimated based on the equations (12). The cost of a loan on the energy
plant is calculated through the CRF, which results in a yearly stream of payments for the loan in equation
(13) [39,40]:

i+ (12)
CRE = (1+i)7-1
Y = (CRF X Cypp) (13)

Here, i represents the interest rate, and q is the number of yearly payments. Also, Y denotes yearly payment

Considering the variation of value of money over time, the initial investment is written as:

Initial investment= Y.2_, Y (1 + IR)® (14)

where a represents the number of amortization years ranging from 1 to g, and IR is the inflation rate.



3.2.2. Operating cost:
The operating cost accounts for fuel, insurance, and maintenance costs which vary during the life of the
energy plant because of the changing value of the money, are presented in equation (15).

Operating cost = Y.2_, (FC + I&M)(1 + IR)Y (15)

Here, FC is the annual fuel cost which equals O for a renewable energy power generation system. Also,
I&M is the insurance and maintenance of annual costs, and g is the performance years of the energy plant
ranging from 1 to n.

3.3.3. Environment Business Cost:
The environmental effects of using the energy plant can be quantified in the forms of carbon taxes and tax
benefits as presented in the below equation [37]:

Environment Business Cost= }7_; CT(1 + IR)9 — ¥7_1 TB(1 + IR)Y (16)
By combining the cost of the initial investment (equation (14)), operation cost (equation (15)), and
environmental cost (equation (16)), the overall cost of the energy plant can be determined by equation (17):

Overall cost= Initial investment + Operating cost+ Environmental business cost @17

Levelized Energy Cost (LEC) is a useful tool for comparing different energy generation systems that are
calculated using equation (18). The LEC is the ratio of the system cost to total net power output by ignoring
the field capital cost and field O&M cost that can be estimated with the below equation [40]:

Overall cost (18)
Whet X top X1
where t,,, is the operation hours in a year, and n is the energy plant lifetime in years.

LEC =

Based on the initial investment and the annual net earnings (NE), the static Payback Period (PP) of the
energy plant can be estimated by the following equation [41]:

pp — Initial Invetment (29)
Pe X Whet X top

Here P, represents the price of electricity in $/kWh.

3.3 Energy Plant Simulation Software

Mass and energy models in the designed ORC need to be simulated in software that takes advantage of both
library of organic fluid thermodynamic properties and the energy plant components. The Aspen Plus (V9)
is a software that provides such a capability suitable for implementing in this study by having a library of
thermodynamic properties of the organic fluid as well as an ability of modeling components in an energy
plant. Aspen Plus is capable of modeling the heat exchangers with the phase-change process in the
evaporator and condenser in the ORC plant. Aspen Plus is the leading chemical engineering process
simulator in the market that allows the user to build the process model and simulate using complex
calculations.



4. Sizing the ORC System

The model of a single-stage ORC plant for converting the energy of the hot springs to electricity is
developed by Aspen Plus V9 as it is demonstrated in Figure 3. To estimate the capability of a power
generation with an ORC system from a hot spring the components need to be sized. To do so, several
considerations are assumed as illustrated in sections 4.1-4.7.
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Figure 3: Aspen plus software model for ORC power generation

4.1. Organic working fluid selection

R227ea as a non-flammable and non-toxic organic fluid refrigerant is suitable for low pressure, low-
temperature applications with high efficiency [42-46], especially when the hot source temperature is lower
than 92 °C [47,48]. Since changes of the entropy with the temperature in R227ea is positive, it is known as
dry organic fluid; hence, this organic fluid does not need the superheat before its expansion process in ORC

[48] while R227¢a is selected for the low-temperature ORC system. Table 1 exhibits the properties of
R227ea.



Table 1: Physical properties of R227ea

Properties Data

Chemical name 1,1,1, 2, 3, 3, 3-Heptafluoropropane
Chemical formula CF3CHFCF3

Molecular weight 170.03 g/mol

Boiling temperature -15.6 °C

Critical temperature 102.8 °C

Critical pressure 29.8 bar

4.2. Organic fluid working pressure

There are high and low pressures in an ORC system that are determined by the organic fluid pressure in the
evaporator and condenser in the ORC system. Since the condenser is an air-cooled heat exchanger, the low
pressure of the cycle cannot be lower than 5 bar due to ambient temperature which is 18 °C. Therefore, the
condenser pressure is considered as 5 bar. The evaporation is depending on the evaporator pressure. The
evaporation pressure categories are shown in Table 2 based on the hot springs temperature range
[44,45,49].

Table 2: Evaporator pressure based on hot spring temperature

Evaporator pressure (bar) Hot source temperature (°C)
9 60- 70
12 71-80
15 81-90

4.3. Component specification

The component using in the ORC have different specifications. The pump needs the energy to maintain the
required pressure of working fluid through the cycle. The expander provides mechanical energy for the
power generator by expanding the working fluid. The isentropic efficiency of the pump and expander are
assumed to be 75%. Power generator which is coupled with the expander to convert mechanical energy to
electrical energy efficiency is 95%. Also, overall heat transfer in heat exchanger is required for calculation
in both evaporator and condenser have assumed to be 0.85 kW/ m2°C.

4.4. Cold source temperature

Although water is a better medium for the condenser in geo-technology, over the possibility of water
shortage in the region, the air has been considered as a circulating medium for the condenser. Using the air-
medium heat exchanger as a condenser in the ORC plant not only reduces the water consumption of the
plant by using the cool air on the higher elevations of hot springs, but it leads to financial advantages over
the initial cost, operation cost, and 1&M cost. It is reported that large-scale geothermal power plants
consume 20 L/MWh water on average [50], while the air cooling condenser ORC plant is free of freshwater
intake. Since hot springs are located in mountainous areas with colder temperatures (where the volcanic
activity of the earth is probable), using the air as a medium in the condenser is practical. The cold source
temperature has been considered to the ambient temperature of 18 °C.



4.5. Hot source temperature

The evaporators can evaporate the organic fluid when the hot source temperature is more than 59 °C.
Usually, the hot springs with a temperature between 60-90 °C are widely spread, and based on this range
the present study has been conducted. There are few springs with a temperature of more than 90 °C
throughout the world.

4.6. Hot source mass flow rate
The water discharge mass flow rate from the hot springs has been assumed as the mass flow rate of the hot
fluid. The mass flow rate range of hot springs has considered between 5 kg/s to 50 kg/s to cover the hottest
springs.

4.7. Economic assumption

The life span of the ORC system has assumed 20 years [51], and the annual 1&M cost has assumed 3% of
the principal cost. The amortization of 10 years with an interest rate of 5%, and an inflation rate of 2% [37].
The production hours in a year for the ORC has considered 8000 hours per year [52]. The USA average
electricity cost in 2020 [53] of 0.1045 $/kWh has been defined as electricity cost in this study.

All the technical and economic input data and assumptions in sizing the ORC plant are summarized in Table

3.

Table 3: Assumptions in sizing the energy plant

Working fluid R227ea
Working fluid pressure in the condenser 5 bar
Working fluid pressure in the evaporator 15 bar (hot source

temperature > 81 °C)
12 bar (71 < hot source
temperature <81 °C)

Technical 9 bar (60 < hot source
study temperature <71 °C)
assumptions | Pump isentropic efficiency 75%
Expander (turbine) isentropic efficiency 75%
Electricity generator efficiency 95%
Heat exchanger overall heat transfer coefficient 0.85 kW/m? °C
Air temperature (cooling source) 18 °C
Hot springs temperature 60-90 °C
Hot springs discharge mass flow rate 5-50 kg/s
Economical | A lifetime of energy plant 20 years
study Amortization period 10 years
assumptions | 1&M cost 3% of investment cost
Interest rate 5%
Inflation rate 2%
Working hours per year 8000 hours
Electricity cost 0.1045 $/kWh

To clarify the provided information in Figure 3 and the technical study assumptions in Table 3 the
parameters used at operating points within the energy plant are shown in Table 4. Point 1 to 8 are the
defined point in Figure 3. The parameters that need to be calculated with the equations and assumptions are
illustrated.



Table 4: Operating points parameters which is shown in Figure 3

point 1 2 3 4 5 6 7 8
Fluid R227ea | R227ea | R227ea | R227ea Hot Hot Air Air
spring | spring
water | water

Mass flow 5t050 | 5to
rate (kg/s) 50
Temperature 60 to 18
(°C) 90
Pressure 9 5 5 9 1 1 1 1
(bar) 12 5 5 12
15 5 5 15
Phase Saturate | Saturate | Saturate | Saturate | Liquid | Liquid | gas gas

dvapor | dvapor | dliquid | d liquid

5. Analysis

5.1 Technical analysis

By thermodynamic modeling and simulation of the ORC plant, the total electricity generation capacity,
thermal efficiency, required pump power, and total heat transfer area in evaporator and condenser can be
determined for a wide range of hot springs. Tables 3 and 4 show the data used for the analysis. Figure 4
shows the flow chart of the technical analysis based on the available data and developed equations and the
outcomes in different steps of the analysis.

equation (3) & (4) equation (6) & (3)

equation (8) & (9)

Figure 4: Flowchart of the Technical Analysis of ORC energy plant



5.2. Economic analysis

5.2.1. Initial investment

The economic analysis of the energy plant is determined by considering major costs and revenues during
its lifetime. Based on the results of the technical analysis of the energy plant, the specification of every
component in the designed energy plant is provided. The cost of every component is estimated by using the
average of three actual quotes from American suppliers. The heat transfer area, fluids mass flow rates and
total transferred heat in the heat exchangers were provided as required information for the industry to design
an applicable heat exchanger with a proportionate cost. Expander and electric generator prices depend on
the estimated power generation in technical analysis. Heat exchangers, expanders, and pumps price quotes
are sized by suppliers according to the technical results. The initial investment is determined using the
suppliers' quote by equation (10). By implementing the value of the power generation and initial cost in
equation (11), the SIC value is been determined. Implementing interest rate and amortization information
from Table 3 to equations (12) and (13) leads to finding CRF value. The influences of the inflation rate on
the initial investment are illustrated using equation (14) and the inflation rate value in Table 3.

5.2.2. Operating cost

Operating cost which is 3% of the initial cost is calculated by applying 1&M value on equation (15). The
influence of the inflation rate on the yearly annual cost can be determined by applying the inflation rate
from Table on equation (15).

5.2.3. Environment business cost:

Although CO- emission (as an indicator of the environmental impact) is a vital term in analyzing the
environmental business cost in energy systems [54], carbon tax and tax benefit affect ORC geothermal
energy plants' overall cost based on the region environmental policies and regulations. Therefore, equation
(16) has not been used in this study since the focus of this study is not on a specific location.

By having the initial investment, operating cost, and environmental business cost, using equation (17), the
overall cost of the energy plant consisting of these three major costs is estimated. Implementing yearly
working hours and lifespan of the energy plant from Table 3 into equation (18) results in the energy plant
levelized energy cost. Finally, to find the payback period of the hot spring energy plant, equation (19) is
used with considering the electricity price from Table 3. PP depends on the initial investment, power
generation, working hours of the hot spring energy plant in a year, and the electricity price in the consuming
location.

Figure 5 shows the economic analysis of the ORC energy plant in sequence in a flowchart format.



equation (11)

Figure 5: Flowchart of the Economic Analysis of ORC energy plant

6. Results and Discussion

6.1. Technical Outcomes

The purpose of the study was to design a power generation system for hot springs and present a techno-
economic analysis for the designed system. On the technical side, one set of technical modeling results for
a hot spring with the 76 °C temperature and 25 kg/s water discharge mass flow rate is presented in Table 5.
This table determines components specifications in the designed ORC plant.

Table 5: Components specifications in the designed ORC plant for a selected hot spring

Maximum evaporated working fluid | 13.4 Total generated work in ORC (kW) 96.8
mass flow rate (kg/s)
Total heat transferred in the evaporator | 1620.0 | Total heat transfer area in heat | 112.2

(kW) exchangers (m?)
Generated power in expander (kW) 105.9 | The thermal efficiency of the cycle 5.9
Required work in the pump (kW) 9.1

The net generated power by hot springs is presented in Figure 6. The results are based on the hot spring
mass flow rate at different temperatures of hot water in the hot spring and pressure of the evaporator in a
single-stage ORC .As can be seen, by increasing the mass flow rate of the hot spring, the power generation
grows, while it can be intensified by the growth of water temperature in the hot spring. It can be concluded
that by increasing the temperature and discharge mass flow rate of hot springs the generated power intensely
improves. A hot spring with a water discharge mass flow rate of 50 kg/s a 90 °C has an approximate net
power output of 303 kW, while a hot spring with a water discharge mass flow rate of 5 kg/s at 90 °C is
capable of net power generation of about 30 kW. If the temperature of the latter hot spring drops to 60 °C,
the net power generation falls lower than 10 kW.
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Figure 6: The total working output of ORC using hot spring

The technical results determine three different values for the thermal efficiency of the energy plant,
calculated for three different defined working fluid pressure levels. When an evaporator pressure of 15 bar,
12 bar, and 9 bar, the ORC’s thermal efficiency is about 7.2%, 5.9%, and 4.2%, respectively. Since the
evaporator and condenser pressure are determined by hot spring temperature and working fluid
thermophysical properties, it can be concluded that the energy plant thermal efficiency has related to the
temperature of hot spring and working fluid selection. Figure 7 indicates the thermal efficiency of the
energy plant on a T-S diagram for the working fluid (R227ea) in three different evaporator pressure range.
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Figure 7: Thermal efficiency of the ORC in the T-S diagram for three working pressures



The heat transfer area is a crucial parameter in the performance of heat exchangers that impact the
fabrication heat exchanger and its cost. In the ORC plant, two heat exchangers have been used, refer to
Figure 3. Calculating the heat transfer area in the heat exchangers is a result of the study which varies in
the energy plant with different working fluid and hot spring water mass flow rates and temperatures. A hot
spring with a water discharge mass flow rate of 5 kg/s at 60 °C needs a heat exchanger with a 20 m? heat
transfer area which at maximum rate can evaporate the working fluid with 1.8 kg/s mass flow. Similarly, a
hot spring with a 50 kg/s water discharge mass flow rate at 90 °C requires 230 m? area in its heat exchanger
to evaporate working fluid with 34.2 kg/s mass flow rate as maximum. The results illustrate that how the
total heat transfer area in heat exchangers depends on the hot spring discharge mass flow rate and its
temperature. Since heat-exchanger cost accounts for up to 50% of the total ORC project costs [55], hot
springs with higher discharge water mass flow rate and higher temperature are more costly.

6.2. Economic results

The results of the economic analysis illustrate the feasibility of performing a hot spring energy plant project
in different circumstances. To find the initial investment cost, the actual price of the ORC components is
collected from the US suppliers as shown in Table 6. By using the provided information in Table 7, the cost
curve of each component is plotted which is presented in Figure 8. The provided component cost curves
determine the component with different properties.

Table 6: Collected price for ORC components

Unit Price $
ORC heat Total heat | A=35m? | 37,000
exchanger transfer area | A=100 m? | 68,000
A=188 m? | 101,000
ORC expander Generated | 10 kW 25,000

and electric power 75 kW 150,000
generator 300 kw 300,000
ORC pump Required | 5 kW 1,000

Power 10 kW 11,000
15 kW 22,000
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Figure 8: Cost estimation curve for ORC components

Figure 9 presents the SIC of generated electricity through energy plant for different hot spring temperature
and water discharge mass flow rate. It can be seen by increasing the temperature and water discharge mass
flow rate of hot springs, the cost of the energy plant per amount of generated power shrinks. The SIC for
the ORC plant with 60 C hot water temperature and 5 kg/s hot water mass flow rate is 9488 $/kW, while
this value for the same ORC plant with 90 °C hot water temperature and 50 kg/s hot water mass flow rate
is 1869 $/kW. While the SIC value for existed geothermal ORC plants is varied from 1300 $/kWh for a 1
MW plant to 5200 $/kWh which was for an ORC plant with 4 MW power generation capacity [55]. It can

be concluded that springs with a higher temperature and water mass flow rate are more efficient
economically.
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Figure 9: the SIC value for different hot springs



The LEC for hot springs ORC energy plant with various water temperatures and discharge mass flow rates
is shown in Figure 10. Figure 10 shows that LEC shrinks by increasing the hot spring discharge water mass
flow. For example, in a hot spring with 90 °C temperature, the LEC decreases from 0.062 $/kWh to 0.026
$/kWh when its water mass flow rate increases from 5 kg/s to 50 kg/s. Also, reducing LEC value can be
seen in Figure 10 by increasing the temperature of hot spring water. When a hot spring with a 50 kg/s water
mass flow rate is considered, by increasing the water temperature from 60 °C to 90 °C, the LEC reduces
from 0.062 $/kWh to 0.026 $/kWh. Therefore, harnessing the energy of hot springs in an energy plant with
higher water mass flow rate and temperature, reduce the LEC. While the average LEC for a geothermal
plant is about 0.080 $/kWh [56], exploiting from ORC in hot springs can reduce this value, especially in
the springs with the higher temperature and mass flow rate. The improvement in LEC in some hot springs
compared with deep-well geothermal power plant may be the result of excluding some cost in hot spring
energy plant such as drilling cost.
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Figure 10: LEC value for hot springs with different mass flow rates and temperatures

The different IR in equations (14) and (15) affect the estimated LEC value in the same discharge mass flow
rate of hot spring. To show the IR impact on LEC Figure 11 has been plotted with 4 values of IR 2%, 3%,
6%, and 10% while the hot spring temperature was assumed 76 °C, and the water mass flow rate was
variable. The result show exhibits a non-linear correlation between IR and LEC value. Besides, increasing
IR expands LEC value that makes the hot spring energy plant project less desirable economically.
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The impacts of the temperature and discharge mass flow rate of hot spring on the PP at an electricity cost
of 0.10 $/kWh is presented in Figure 12. The PP varies from 3.23 to 16.42. The longest PP is estimated
16.42 years for a hot spring with 60 °C temperature and 5 kg/s water discharge mass flowrate. The shortest
PP is 3.42 years which is calculated for a hot spring with 90 °C temperature and 50 kg/s discharge mass
flow rate. Moreover, while the average PP for geothermal plants is 6 years [56], exploiting a hot spring
energy plant may reduce this time in some cases. Figure 13 clarifies the range of temperature and discharge
mass flowrate at which the PP of the energy plant can be more than 6 years.
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Figure 12: The impact of hot water temperature and mass flow rate on the Payback Period



Figure 13: The energy plant PP in different hot spring temperature and water discharge mass flow rate

The electricity price varies based on location, for example in the US, this price is wide-ranging between
0.04 to 0.24 $/kWh. Figure 14 illustrates the electricity price impact on the PP of hot springs energy plant
at discharge mass flow rate of 30 kg/s with various temperatures of 60, 76, and 90 °C. It can be observed
that by increasing the price of electricity from 0.06 to 0.16 $/kWh, the PP shrinks to 6.02, 3.94, and 3.01
years for selected hot springs. Higher electricity price and higher temperature and mass flow rate of hot
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7. Conclusion

Renewable power generation systems with low environmental impact are essential for a sustainable future.
With the idea of improving the sustainability of the energy systems, this study focused on providing a
guideline in harnessing an important low-temperature renewable energy source. Hot springs as natural
energy storage system are dispersed throughout the world which can be used for power generation purposes
as well as deep-well geothermal power plants. This paper has presented a guideline for harnessing power
through various hot springs with different temperatures and discharge mass flow rates. The technical,
economical, and environmental aspects of exploiting hot springs for power generation have been considered
in this study.

In the technical analysis, ORC is found as the most suitable cycle for generating power in the hot spring
which is a low-temperature energy source. A thermodynamic model of the power generation cycle was
modeled and simulated in Aspen Plus V9. Hot spring temperature and discharge mass flow rate is found as
essential parameters in finding power generation rate in an energy plant. By increasing the hot spring
temperature from 60 °C to 90 °C and its discharge mass flow rate from 5 to 50 kg/s, its power generation
capacity enhances from 9.3 kW to 303 kW and its thermal efficiency improves from 4.2% to 7.2%.

The economic model of the different hot spring energy plants has been developed in this study. Developing
an economic model has been done using actual cost quotes from US suppliers. The SIC value of the hot
spring energy plant can be reduced from 9488 $/kWh to 1869 $/kWh by increasing hot spring temperature
and discharge mass flow rate. Analyzing PP demonstrates that by increasing the temperature and discharge
mass flow rate of hot springs, the PP decreases from 16.3 years to 3.3 years. Also, PP analysis shows the
cost-effectiveness of hot springs energy plants based on their temperature and discharge mass flow rate
(Figure 13) which can be a guideline for investing purposes.

The environmental impact of a power generation system is a concern for a sustainable future. Exploiting
from natural energy storage with natural and permanent eruption will reduce the risk of geological changes.
This is recognized as one important disadvantage of deep-well and large-scale geothermal power plants.
Also, harnessing power from an air-medium heat exchanger instead of the water-medium condenser in the
ORC will reduce the water consumption in geothermal plants. Also, exploiting this renewable energy source
will significantly reduce GHG emissions, especially when that is compared with fossil fuel power plants.
The effect of this factor can be quantified economically by using carbon tax and tax benefit tools, presented
in this study, based on countries’ environmental regulations.
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