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Abstract
We propose the use of geothermal energy for hydrogen liquefaction, and investigate three possible cases for accomplishing such a task
including (1) using geothermal output work as the input for a liquefaction cycle; (2) using geothermal heat in an absorption refrigeration process
to precool the gas before the gas is liqueﬁed in a liquefaction cycle; and (3) using part of the geothermal heat for absorption refrigeration to
precool the gas and part of the geothermal heat to produce work and use it in a liquefaction cycle (i.e., cogeneration). A binary geothermal
power plant is considered for power production while the precooled Linde–Hampson cycle is considered for hydrogen liquefaction. A liquid
geothermal resource is considered and both ideal (i.e., reversible) and non-ideal (e.g., irreversible) system operations are analyzed. A procedure
for such an investigation is developed and appropriate performance parameters are deﬁned. Also, the effects of geothermal water temperature
and gas precooling temperature on system performance parameters are studied. The results show that there is a signiﬁcant amount of energy
savings potential in the liquefaction work requirement as a result of precooling the gas in a geothermal absorption cooling system. Using
geothermal energy in a cogeneration scheme (power production and absorption cooling) also provides signiﬁcant advantages over the use of
geothermal energy for power production only.
䉷 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Geothermal energy is the thermal energy within the earth’s
interior. Geothermal energy is used to generate electricity and
for direct uses such as space heating and cooling, industrial processes, and greenhouse heating. High-temperature geothermal
resources above 150 ◦ C are generally used for power generation. Moderate- (between 90 and 150 ◦ C) and low-temperature
(below 90 ◦ C) geothermal resources are best suited for direct
uses such as space and process heating, cooling, aquaculture,
and ﬁsh farming [1].
With the increasing scarcity of fossil fuels and increasing
concerns over the environmental problems they cause, the use
of renewable energy resources will likely increase and diversify.
Geothermal energy appears to be a potential solution where it
is available to some of the current energy and environmental
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problems, and a key resource for making society more sustainable. Other advantages of geothermal energy systems are that
they are simple, safe, modular and adaptable. These advantages make them an attractive option to replace fossil fuels for
both developed and developing countries [2]. A large fraction
of the world’s high-temperature geothermal resources have already been exploited for the generation of electricity. Of the
geothermal resources above 90 ◦ C, only about a quarter are at
150 ◦ C or higher [3].
For most moderate-temperature geothermal resources, electricity generation is not economic due to the very low thermal
efﬁciencies. However, geothermal energy is more effective
when used directly than when converted to electricity since the
direct use of geothermal heat in such processes as heating and
cooling can replace the burning of fossil fuels from which electricity can be generated much more efﬁciently. An economic
analysis of different uses of geothermal energy shows that heating or cooling can generate about three times as much revenue
as power production [4]. But the use of geothermal energy
faces challenges, since many geothermal resources are found in
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Nomenclature
COP
c
f
h
ṁ
q
s
P
R
T
T0
w
x
y
z

coefﬁcient of performance
speciﬁc heat, kJ/kg K
fraction
speciﬁc enthalpy, kJ/kg
mass ﬂow rate, kg/s
heat transfer per unit mass, kJ/kg
speciﬁc entropy, kJ/kg K
pressure, kPa
gas constant, kJ/kg K
temperature, ◦ C or K
ambient temperature, ◦ C or K
work per unit mass, kJ/kg
quality
mass liqueﬁed per unit mass of geothermal water
mass of gas cooled per unit mass of geothermal
water

Greek letters


Subscripts
act
comp
f
gen
geo
in
iso
II
liq
out
pp
vap
rev
s
1, 2, 3, . . .

actual
compressor
saturated liquid state
generator
geothermal
inlet state
isobutane
second-law
liquefaction
outlet state
pinch-point
vaporization
reversible
source
state numbers

efﬁciency

remote locations and it is not economic to transport geothermal
heat for signiﬁcant distances over populated or industrial areas
for space and process heating or cooling. Geothermal resources
can be used for power generation and/or for suitable on-site
applications.
Geothermal energy may be used for cooling in an absorption
refrigeration cycle. Lithium bromide/water chillers are suited
for space cooling applications while ammonia/water systems
provide industrial cooling to as low as −50 ◦ C [5]. Such refrigeration systems and applications are extensively discussed
in [6]. At least two geothermal absorption cooling applications
are in operation in the U.S. [7].
The liquefaction of gases is an important area of refrigeration since many important scientiﬁc and engineering processes
at cryogenic temperatures depend on liqueﬁed gases. Perhaps,
the most common application of liquefaction involves the production of liqueﬁed natural gas to facilitate its transport over
long distances in insulated tanks [8].
Hydrogen is considered by many to be a potential replacement for fossil fuels [9]. The total cost of producing hydrogen
depends on production, liquefaction, storage and distribution
costs [10]. Hydrogen liquefaction systems have been the subject of many investigations (e.g., [11,12]). Despite the existence
of numerous of investigations on the use of renewable energy
sources for hydrogen production, reports on using renewable
energy sources for hydrogen liquefaction are very limited. Jonsson et al. [13], for example, investigated the feasibility of using geothermal energy for hydrogen production and estimated
that using geothermal energy could avoid 16% of the work consumption for electrolysis and 2% for liquefaction. To the best
of the authors’ knowledge, no reports on the use of geothermal
energy for hydrogen liquefaction exist in the open literature.
In this paper, we propose the use of geothermal energy for
hydrogen liquefaction, and investigate three possible cases:

(1) using geothermal power as the input for a liquefaction
cycle, (2) using geothermal heat in an absorption refrigeration
process to precool hydrogen gas before it enters a liquefaction
cycle; and (3) using part of the geothermal heat for absorption
refrigeration to precool the gas and part of geothermal heat to
produce power for use in the liquefaction cycle (i.e., cogeneration). We investigate these three cases considering both ideal
(i.e., reversible) and non-ideal (e.g., irreversible) operations. As
exergy methods can provide numerous beneﬁts for understanding processes [14], exergy interpretations are provided where
appropriate to enhance the discussion.
2. Analysis
In this section we consider both ideal (reversible) and nonideal (irreversible) operations for performance analysis and
comparison purposes.
2.1. Analysis with reversible operations
The maximum speciﬁc work that can be obtained by a
geothermal power plant utilizing a resource at temperature Ts
in an environment at T0 is given by
 
Ts
wrev,out,geo = c(Ts − T0 ) − T0 c ln
,
(1)
T0
where c is the speciﬁc heat of liquid water. Geothermal water
is assumed an incompressible liquid. The coefﬁcient of performance (COP) of a reversible absorption refrigeration unit may
be expressed as [15]:
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