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a b s t r a c t
Clathrate hydrate desalination has emerged as an alternative to producing freshwater from seawa-
ter. There has been an increased interest towards the cyclopentane (CP) based hydrate desalination 
process in recent years. In this study, the process design and economic assessment have been carried 
out to establish the potential of CP-based hydrate desalination. Unlike previous studies reported 
to date, the present work considers detailed process design calculations and cost analysis using 
material and energy balance, equipment sizing, and economic estimations. Further, total capital 
investment estimates have been presented with profound specifies. The total capital investment for 
1,000 m3/d desalinated water is estimated to be 7.19 million US$ and the cost of water to be 5.71 $/
m3. The specific energy consumption for CP-based hydrate desalination is found to be 7.55 kWh/
m3. Prospects of heat integration and waste energy utilization for improving the energy efficacy 
of CP hydrate desalination are also discussed. The techno-economic evaluation rationalizes the 
CP hydrate desalination technology worth considering for further development.
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1. Introduction

Clathrate hydrates are emerging as potential candi-
dates for desalinating water from seawater/produced water/
hypersaline water [1,2]. In the presence of a suitable hydrate 
forming agent (or hydrate former), in the gas phase (meth-
ane, ethane, propane, CO2, etc.) or liquid phase (cyclopen-
tane, refrigerants), host water molecules form cage-like 
structure entrapping the hydrate former. These structures 
(non-stoichiometric) are called hydrates and belong to com-
pounds known as clathrates [3,4]. Interestingly, hydrates 
can be formed well above the freezing point of water under 
the suitable condition of temperature, pressure, and hydrate 
former. Apart from desalination, the clathrate hydrate 
process could be a promising method for recovering or 
purification of produced water (from oil/gas processing) 
and industrial wastewater [5].

It is well established that the selection of a suitable hydrate 
forming agent is crucial to the hydrate-based approach [6,7]. 
The hydrate desalination process using gaseous hydrate form-
ing agents (i.e., propane, carbon dioxide, methane) requires 
high energy consumption during former recycling, increas-
ing the overall energy requirement of the process [4,8]. Also, 
the required pressures for hydrate formation (4–40 times the 
atmospheric pressure) necessitate the hydrate crystallizer to 
operate at high pressure and increase the capital cost of the 
process [8]. More recently, cyclopentane (CP), a liquid-phase 
hydrate former, has drawn the attention of researchers as 
a potential hydrate forming agent owing to the following 
features:

• Using CP, hydrate formation pressure can be lowered to
the atmospheric pressure with a relatively high forma-
tion temperature (above the freezing point of water) [8,9]. 
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Therefore desalination by CP hydrate would be safer, 
and it would also reduce costs for the process to operate 
without pressurization [10].

•	 CP has low solubility in water (~0.156 g/L at 25°C) and is 
immiscible with water, allowing the easy separation of 
product water post-desalination [11,12].

•	 CP forms structure II hydrates (hydration number: 17), 
ensuring more water capture than structure I formers 
like methane, CO2 [13].

•	 A moderate boiling point (~50°C) of CP makes it easy and 
safe to handle as a liquid [13].

•	 CP is readily available commercially and has a low 
cost [13].

Due to favorable hydrate formation conditions, CP 
hydrates are being explored for hydrogen storage and car-
bon dioxide capture application [14,15]. CP acts as a hydrate 
promoter for carbon capture and is used as a co-guest to 
milder hydrate formation conditions when combined with 
other molecules [7].

Recent studies focused on different aspects of salt 
removal from brine via the formation of CP hydrates 
[5,7,9,10,16–18]. Corak et al. [9] investigated the influence 
of subcooling and CP quantity on the rates of hydrate for-
mation. Two subcooling temperatures of 5.6 and 3.6 K with 
respect to equilibrium temperature (6.6°C) for 3 wt.% NaCl 
solutions were investigated. Higher subcooling resulted in 
faster kinetics and a higher degree of desalination. However, 
the CP quantity was not significantly affect the hydrate for-
mation rate and water purity. Han et al. [16] examined the 
successive secondary treatment of CP hydrates to improve 
salt removal efficiency. First, a CP hydrate formation reac-
tion was carried out at 4.0°C (2.6  K super-cooling) and 
3  mol% CP in a 3.5  wt.% NaCl solution. A few small ice 
particles were added to the crystallizer at the experimental 
temperature to commence hydrate formation quickly. After 
sufficient hydrate formation, the hydrate crystals were 
separated from the remaining liquid consisting of un-hy-
drate brine and CP. The filtered hydrates were subjected 
to centrifuging, washing, and sweating as secondary treat-
ment. While centrifuging resulted in the best salt removal 
efficiency (~96%), the method could be energy-intensive 
and inefficient for large-scale applications. Washing with 
a small amount of wash water effectively removed the salt 

adhered to hydrate crystals (~93%). Sweating for an appro-
priate amount of time reduced the salt attached to the crys-
tal surface (~95%), but at the cost of a diminished amount 
of product water. The authors concluded that washing is a 
promising method to raise the efficiency of the CP hydrate-
based desalination process.

Lv et al. [10] examined the CP hydrate kinetics in brine – CP  
dispersion systems in the context of desalination. An excess 
amount of CP (~12  mol%) into the brine – CP dispersion 
system increased the overall product water yield with 
80% removal efficiency. The salt removal efficiency was 
enhanced with washing at a high ratio of washing water/dis-
sociated water (~0.5). Xu et al. [17] investigated CP hydrate 
formation using a column crystallizer with two injection 
methods: tubing injection and spray injection. After hydrate 
formation, a three-step process including gravitational sep-
aration, filtration, and washing was adopted to improve 
the separation efficiency of hydrate-based desalination. The 
spray injection method resulted in more water conversion 
to hydrates because of the fine CP droplet sizes created 
by spray injection. Overall, 81% desalination efficiency 
was reported at optimized operating conditions and the 
three-step separation method.

Apart from lab-scale and pilot studies related to pro-
cess advancement, the economic estimations of hydrate 
desalination have also been reported. Javanmardi and 
Moshfeghian [4] carried out the economic evaluation of 
the propane former-based hydrate desalination process in 
comparison to thermal (MSF, ME) and membrane (RO) pro-
cesses. About hydrate desalination, they have reported the 
total work required for producing 1 m3 of potable water to 
be 25.82 and 172.38 MJ using propane and carbon dioxide 
as hydrate formers, respectively. A computer-aided pro-
gram was used to estimate the energetics and costs of the 
hydrate desalination process without disclosing the details 
of the approach undertaken [4]. In a series of publications, a 
group of researchers from Singapore and China established 
the techno-economic feasibility of hydrate-based desalina-
tion utilizing cold energy from liquefied natural gas (LNG) 
[8,19,20]. However, commercial software (Aspen Hysys, 
Aspen ICARUS, and Aspen process economic analyzer) was 
used for process simulation, energy estimation, and costing. 
It is evident that there is still a need for economic analysis of 
the hydrate desalination system using a generic approach. 

cyclopentane

H
O

H17

water

Cyclopentane hydrate (SII)

Fig. 1. Reaction representing CP hydrate formation.
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This work aims to supplement the existing literature with 
regard to evaluating the techno-economic feasibility of 
cyclopentane (CP)-based hydrate desalination using pro-
cess calculations and cost estimates.

2. Methodology

2.1. Process synthesis and calculations

2.1.1. Cyclopentane hydrate-based desalination process

CP has been selected as hydrate former for structure 
II (SII) hydrates in the present study. The following reac-
tion represents the formation of cyclopentane (CP) hydrate 
formation:

Based on the previous studies on CP hydrate-based 
desalination discussed in section 1, the following notion 
has been considered for process calculations and analysis.

Starting with 3.5  wt.% salt (assuming pure NaCl for 
simplification) feed composition, the salt concentration is 
expected to increase with water removal during hydrate 
formation. Fig. 2a indicates the NaCl concentration in resid-
ual brine with water conversion (WC) during hydrate for-
mation. This increase in brine concentration, in turn, will 
decrease the equilibrium hydrate formation temperature 
(Thyd), as shown in Fig. 2b. For 50% seawater conversion to 
hydrate, the Thyd will change from 5.6°C to 3°C. Therefore, the 
hydrate crystallizer temperature must be maintained at ≤3°C 
to provide sufficient driving force for hydrate formation.

Fig. 3 presents a process flow sheet of CP hydrate-
based desalination. This flowsheet is designed based on the 
work of Javanmardi and Moshfeghian [4] and Mottet [21]. 

The flowsheet comprises two pumps (P1 and P2), two heat 
exchangers (HE1 and HE2), a mixing tank with a homog-
enizer (MX), hydrate crystallizer (HC), vacuum filter (VF), 
wash column (W), melter (M), two decanters (D1 and D2), 
compressor (C) and expansion valve (EV).

As shown in Fig. 3, seawater (SW) is pressurized using 
pump P1 and sent to EX1. Seawater is precooled in EX1 
by exchanging heat with brine + cyclopentane (CP) stream. 
This precool seawater is mixed with wash water (WW) 
from the wash column (W), and the resultant stream is 
sent to the mixing tank with homogenizer (MX). The CP 
stream is also sent to MX, where it is mixed vigorously 
with SW before entering the hydrate crystallizer (HC). In 
HC, hydrate formation is facilitated by bringing the crystal-
lizer temperature below the hydrate formation equilibrium 
temperature (6.6°C) and adding ice/hydrate seed to trigger 
the nucleation and growth. An external refrigeration cycle 
using R (HFC-134a) as a refrigerant is selected to maintain 
the formation temperature in HC. After sufficient hydrate 
crystals conversion (~50%), the hydrate slurry along with 
residual brine and unreacted CP is directed to a vacuum fil-
ter (VF). It is reported that the water molecules containing 
salt ions can be confined within the solid crystal of hydrate. 
Hence, a subsequent post-treatment is required to enhance 
salt removal efficiency. Optimized washing can be a prom-
ising method to raise the efficiency of the hydrate-based 
desalination process [5,16]. Thus, filtered hydrate crystals 
are transported to W for surface washing using a fraction 
of product water (~0.04). After washing, hydrate crystals 
are sent to a melter (M), where hydrate is dissociated into 
the liquid–liquid mixture of product water and CP. As CP 
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Fig. 2. (a) Percentage water conversion (WC) with NaCl concentration (b) CP hydrate formation temperature with NaCl concentration.
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is nearly immiscible with water and shows extremely low 
mutual solubility [5], a decanter (D1) is used to separate 
CP from product water. CP is recycled back to MX for the 
next run.

The brine and CP mixture exiting the VF is sequentially 
sent to MX and EX1 to exchange the heat with inlet seawa-
ter. Subsequently, this mixed stream is sent to D2, where 
CP is separated from brine and recycled back to MX. A 
vapor-compression refrigeration system (discussed in section 
2.1.4) is used to cool and promote hydrate formation in HC 

and hydrate dissociation in M. While HC acts as an evap-
orator, M serves as a condenser for the refrigeration cycle. 
Additional seawater stream is employed for condensing 
the refrigerant in EX2 to continue the refrigeration loop.

2.1.2. Process conditions and assumptions

The process conditions and assumptions reported in 
Table 2 and thermo-physical properties presented in Table 3 
were used to establish the material and energy balance.
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Fig. 3. Process flowsheet for cyclopentane hydrate desalination.

Table 1
Basis for process calculations and analysis

Basis Value References

Degree of super-cooling for hydrate formation 3.6 K [5,9]
Cyclopentane mole% in seawater 3% [5,16]
Conversion (feed seawater to hydrate) 50% [5]
Hydrate melting temperature 282.15 K [16]
Seawater composition 3.5 wt.% NaCl [16]
Secondary treatment method Washing [16]
Wash water quantity (as % of the water obtained from hydrate) 4 wt.% [16]
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Pressure drops and the heat losses to the environment 
from the HC, M, D1, D2, VF were neglected.

2.1.3. Material and energy balance

The heat exchanger, hydrate crystallizer, and melter 
heat duties are estimated using mass and energy balances 
for each unit of the hydrate production process shown in 
Fig. 3. Microsoft Excel spreadsheet tool was adopted for 
performing process calculations. The empirical equations 
and parameters were specified in the respective columns of 
the spreadsheet and outputs were generated.

For heat exchanger without phase change (EX1), the 
energy exchanged between two streams in the counter-
current mode is estimated using Eq. (1) as shown below:

Q m C T T m C T Th P c Ph h c ch o i c o iHE = −( ) = −( )  	 (1)

where ṁh and ṁc are the mass flow rates of the hot and cold 
streams, respectively, CPh and CPc  are the specific heat capac-
ities of the hot and cold streams, respectively, Tho and Thi 
are outlet and inlet temperature of hot stream respectively, 
Tco  and Tci  are outlet and inlet temperature of cold stream, 
respectively.

The heat transfer rate at the heat exchanger is 
expressed as:

Q UA THE LMTD= ∆ 	 (2)

where U is the overall heat transfer coefficient, A is heat 
transfer area and ΔTLMTD is a logarithmic mean temperature 
difference, estimated as:

∆T
T T T T

T T

T T

h c h c

h c

h c

i o o i

i o

o i

LMTD =
−( ) − −( )

−( )
−( )ln

	 (3)

The total cooling load required for the hydrate crystal-
lizer is the sum of sensible duty (Qsensible,SW+CP) for precool-
ing of seawater + CP mixture and latent duty (Qlatent,Hyd) 
of hydrate formation as:

Q m C T T m C T TP i P isensible SW CP SW HC CP HCSW CP, + = −( ) + −( )  	 (4)

Q m hlatent Hyd Hyd Hyd formation, =  	 (5)

where ṁSW and ṁCP are the mass flow rate of seawater and 
cyclopentane, respectively, kg/h; CPSW and CPCP  are the specific 
heat capacity of seawater and cyclopentane, respectively, kJ/
(kg  K); THC and Ti are the hydrate crystallizer temperature 
and inlet temperature, respectively, K; ṁhyd is the mass flow 
rate of hydrate, kg/h; hhyd formation is the specific enthalpy of CP 
hydrate formation, kJ/kg of water.

The total heating load required for the melter is calcu-
lated as the sum of sensible duty (Qsensible,Hyd) for hydrate 
heating to equilibrium hydrate dissociation temperature 
(279.75  K), latent duty (Qlatent,Hyd) of hydrate dissociation, 
and sensible duty (Qsensible,SW+CP) for heating of dissociated 
seawater + CP mixture to melter temperature (288.15 K):

Q m C T TPsensible Hyd hyd hyd dissociation HChyd, = −( ) 	 (6)

Q m hlatent HC hyd hyd dissociation, =  	 (7)

Q m C T T

m C T

P

P

sensible SW CP SW M hyd dissociation

CP M

SW

CP

, + = −( ) +

−



 TThyd dissociation( )
	 (8)

where CPhyd is the specific heat capacity of cyclopentane 
hydrate, kJ/(kg·K); TM and Thydrate dissociation are the melter 
temperature and equilibrium hydrate dissociation tem-
perature, respectively, K; hhyd dissociation is the specific enthalpy 
of CP hydrate dissociation, kJ/kg of water.

Table 2
Input process parameters/conditions

Assumption/process condition Value 

Seawater inlet temperature 300 K
Product water capacity 1,000 m3/d
Salt removal rate 100%
Total recovery of CP in a cycle 95%
Molar mass of CP hydrate 376.1 g/mol
Hydrate crystallizer temperature 276.15 K [5,9]
Melter temperature 288.15 K
Pressure drop across the heat exchanger 5 kPa
Minimum approaching temperature (ΔTmin) 5 K
Adiabatic efficiency of pump and compressor 75%

Table 3
Thermo-physical properties

Property Value References

Density of seawater 1,025 kg/m3 [22]
Density of CP hydrate 960 kg/m3 [7]
Density of cyclopentane 751 kg/m3 [7]
Specific heat capacity of seawater, CPSW 2.407 + 1.496 × 10–2 T – 4.776 × 10–5 T2 – 5.208 × 10–8 T3 kJ/(k mol K) [22]
Specific heat capacity of CP hydrate, CPhyd –124.33 + 3.2593T + 2 × 10–6 T2 – 4 × 10–9 T3 kJ/(kg K) [8]
Specific heat capacity of cyclopentane, CPCP 1.8 at 25°C (kJ/kg K) [23]
Specific enthalpy of CP hydrate formation/dissociation 377 ± 27 kJ/kg of water [24]
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2.1.4. Vapor compression refrigeration system

The layout of a vapor compression refrigeration sys-
tem (VCRS) and the pressure–enthalpy (P – H) diagram are 
shown in Figs. 4a and b, respectively. An ideal refrigeration 
cycle, with R-134a as a refrigerant (R), comprised of isobaric 
evaporation (2→3), isentropic compression (3→4), isobaric 
condensation (4→1), and isenthalpic expansion (1→2) is 
considered. As shown in Fig. 4b, the refrigerant enters the 
evaporator as a two-phase mixture (liquid and vapor) at 
state 2, absorbs heat (Qev), and turns into saturated vapor 
(state 3). Subsequently, this saturated vapor is isentropically 
compressed to superheated vapor using a compressor to a 
higher temperature (Tcond) and pressure (Pcond). The refriger-
ant fluid enters the condenser as superheated vapor, under-
goes a complete change to phase (condenses) in two distinct 
sections (M and HE2). Finally, the refrigerant undergoes an 
isenthalpic process through the expansion valve, entering 
as subcooled liquid (state 1) and exiting as a liquid–vapor 
mixture (state 2). The data reduction of the theoretical 
approach is presented below [25].

Isentropic compression work of the compressor (Wcomp) 
is expressed as follows:

W m h hRcomp = −( ) 4 3 	 (9)

The heat transfer rate of the evaporator (Qev) is calculated 
as follows:

Q m h hRev = −( ) 3 2 	 (10)

where ṁR is refrigerant mass flow rate, hi is the specific 
enthalpy of the refrigerant at ith (1 to 4) state (reported in 
Table 4).

The coefficient of performance (COP) of the refrigeration 
system’s cycle can be estimated as:

COP ev

comp

=
Q
W

	 (11)

The VCRS is integrated with the hydrate formation and 
dissociation process (presented in Fig. 3). In this integrated 
refrigeration cycle, the total cooling load of HC is provided 
by the latent heat of evaporation of the refrigerant, thus:

Q Q Qev sensible SW CP latent Hyd= ++, , 	 (12)

Refrigerant mass flow rate (ṁR) is estimated using 
Eqs. (10) and (12). Subsequently, the heat transfer rate to the 
condenser (Qcond) is calculated as:

Table 4
Thermodynamic properties of R134a

State Temperature, T (K) Pressure, P (bar) Specific enthalpy, h (kJ/kg)

1 (Saturated liquid) 291.15 6 230
2 (Two-phase mixture) 273.15 3 230
3 (Saturated vapor) 273.15 3 400
4 (Superheated vapor) 291.15 6 415
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Condenser (Melter + Heat exchanger 2)
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2

Fig. 4. (a) Layout of the vapor compression refrigeration system used in the hydrate desalination process and (b) vapor 
compression refrigeration cycle on P – H diagram.
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Q m h hcond R= −( ) 1 4 	 (13)

A minimum approach temperature of 3  K is consid-
ered across the hydrate crystallizer and melter. The refrig-
erant temperature in the evaporator (Tev) and condenser 
(Tcond) is deduced to be 273.15 and 291.15  K, respectively. 
Thermodynamic states (T and P) and specific enthalpy (h) 
of the refrigerant at different points of the refrigeration cycle 
are obtained from the literature [26] and reported in Table 4.

2.2. Economic evaluation

After process design, complete material and energy 
balance, equipment sizing, and selection of materials of 
construction, a preliminary estimate method (based on the 
individual factors method of Guthrie) has been used for 
cost estimations employing Microsoft Excel spreadsheet 
program. Unified units (SI system) was adopted and appro-
priate unit conversion from fps system to SI system were 
considered.

2.2.1. Total capital investment

The total capital investment (CTCI) of a plant includes 
the expenses to supply the necessary manufacturing and 
plant facilities and operations [27]. According to the Guthrie 
method [28], the total capital investment can be estimated as:

C C C C C C CTCI TPI WC TBM site buildings off site faciliti= + = + + + −1 18. ees

WC

( ) +

C
	

� (14)

where, CTPI is the total permanent investment (or fixed 
capital investment), a one-time expense for the design, 
erection, and start-up of a new plant. CWC is working cap-
ital that covers operating costs required for the early 
operation of the plant, including the cost of the inventory 
and funds to cover accounts receivable. The factor 1.18 in 
Eq. (16) accounts for a contingency of 15% and a contractor 
fee of 3%. Details of other cost components of Eq. (14) are 
discussed in the following section.

2.2.1.1. Total bare-module cost

Total bare-module cost (CTBM) is the capital necessary 
for installing process equipments with all components 
needed for complete process operation. Firstly, the free on 
board (f.o.b.) purchase cost of each piece of major equip-
ment (for the process shown in Fig. 3) has been estimated 
at the base cost index, IB (The Chemical Engineering (CE) 
plant cost index, the year 2000) [28]. Table 5 shows the equa-
tions used to calculate the purchase costs (f.o.b.), CP in US$, 
of significant equipments and machineries. Stainless steel 
(SS 316) is considered as material of construction (MOC), 
and accordingly, a material factor (FM) is used wherever  
applicable.

After estimating the purchase costs of equipment, 
the direct costs of materials and labor and indirect costs 
involved in the installation procedure need to be taken into 
account. The total installed costs are called the bare-module 

costs (CBM) and a bare-module factor FBM is given for each 
equipment by Guthrie (Table 6).

The bare-module cost of equipment can be calculated 
using:

C F C I
IP
B

BM BM=






	 (15)

where FBM  =  bare-module factor; CP  =  f.o.b. purchase cost; 
IB = base cost index (394); I = latest cost index (600).

The chemical engineering (CE) plant cost index I  =  600 
for year 2019 is used for updating the cost correlations [29]. 
Bare-module factors of Guthrie (1974) for ordinary materi-
als of construction and low-to-moderate pressures were 
considered for the estimation of CBM are presented in Table 6.

Total bare-module cost (CTBM) is estimated by summing 
the bare module cost (CBM) of different types of equipment, 
as given in Eq. (16):

C CTBM BM= ∑ 	 (16)

2.2.1.2. Other costs

Other indirect costs for plant components not directly 
related to the process operation (i.e., land, processing build-
ings, warehouse, laboratories, and other permanent parts 
of the plants) are approximated as a fraction of CTBM. Csite is 
site development costs (10%–20% of CTBM may be assigned). 
Cbuildings is building costs that include process buildings and 
non-process buildings. If the equipment is housed, the cost 
of process buildings may be estimated at 10% of CTBM. For a 
grass-root plant, the non-process buildings may be assessed 
at 20% of CTBM. Coffsite facilities involve the costs of off-site facili-
ties, including utility, pollution control, waste treatment, off-
site tankage, and receiving and shipping facilities, etc. It is 
estimated as 10% of CTBM.

2.2.1.3. Working capital

Working capital includes the continuing costs associ-
ated with the operation of the plant. The desalination plant 
requires inexpensive feedstock, that is, seawater (a natural 
resource). Major components of CWC are expenses on utility 
CUtilities, operation and maintenance CO&M, taxes and insurance 
CT&I, and depreciation CDepreciation [28].

C C C C CWC Utilities O M T I Depreciation= + + +& & 	 (17)

Electricity is the primary utility for the hydrate desali-
nation plant. The approximate power consumption of 
pumps, compressors, agitator motors, and vacuum units 
is 9420  kWh/d. It is assumed that the electricity cost is 
$0.07/kWh.

Plant operating cost primarily comprises direct wages 
and benefits (DW&B), calculated from an hourly rate for 
the operators of the proposed plant. For preliminary esti-
mates of the number of operators required per shift, the 
process is divided into sections, that is, (1) feed prepara-
tion, (2) hydrate crystallization system, (3) refrigeration 
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system, (4) CP recovery system, (5) slurry-hydrate sepa-
ration system, and (6) residual liquid abatement system. 
For a continuously operating, automatically controlled 
plant, two operators/shift can be assigned per shift. Each 
shift operator is paid for 40 h/wk and 52 wk/y. Commonly 
five shifts for each operator are required. The annual cost 
of DW&B is obtained from [28]:

DW B,$/y Operators
shift

shifts hr
year operator

$
h

& ,= × ×
−

×



5 2 080

 	

� (18)

The cost for maintenance of a proposed plant is also 
an essential component of CWC and can be assumed 10% 
of CTPI. CT&I and CDepreciation costs are approximated to 2% 
and 8% of CTPI, respectively [28].

2.2.2. Amortized total investment and product cost

Amortized total investment, including the capital, oper-
ation, and maintenance (O&M) costs, were estimated using 
the method adopted by Javanmardi and Moshfeghian [4]; 
Javanmardi et al. [30]. Assuming 20  y of plant life and 8% 
of a continuous discount rate, the amortized capital invest-
ment is obtained using the following equation.

C

e

e
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i
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
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
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×( )
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∑

0 08 20

0 08
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19

365

.

.

yy( ) 	 (19)

Amortized operation and maintenance (O&M) costs 
were obtained using.

C
C

AO&M
WC

Capacity
= 	 (20)

Finally, the total product cost is estimated as the sum of 
the amortized capital investment and O&M costs.

Total product cost ACI AO&M= +C C 	 (21)

3. Results and discussion

The output generated from Microsoft Excel spreadsheet 
program for material and energy balance and plant eco-
nomic are presented.

3.1. Material and energy balance

Considering 50% of seawater conversion to hydrate 
(and thereafter product water), a seawater feed flow rate, 
mfsw, of 2,000  ton/d is required for generating 1,000  ton/d 
(or 1,000  m3/d) of product water mfw. The output, includ-
ing heat exchanger duty, and pump power, are presented 
in Table 7. The overall heat transfer coefficient, U equal to 
1,200 W/(m2 K), is used for estimating the heat exchanger 
area of HE 1 and HE 2.

The heat load of the hydrate crystallizer estimated 
using Eqs. (4) and (5) is 138.42 kWh/m3 of water. Assuming 
heat gain from ambient to the cooling system is 5% of 
total load, the total cooling load will be 145.34  kWh/m3. 
The enthalpy of hydrate dissociation should be provided 
in the melter. Thus, it acts as a heat exchanger, and a 
double-pipe model is used for design.

Vapor compression refrigeration system operating 
parameters at Tev = 273.15 K and Tcond = 291.15 K are presented 
in Table 8.

3.2. Plant economics

The equipment list is prepared to incorporate the 
equipment title, label, size, and specifications for the CP 
hydrate desalination process. Subsequently, the purchase 
f.o.b. costs at a CE index of 390 are estimated using the 
equations tabulated in Table 5. Stainless steel (SS 316) has 
been considered as the material of construction (MOC) for 
all the equipments and machinery. Purchase f.o.b. costs 
were factored by FBM and updated for the latest index (I) 
for the year 2019 to obtain the bare-module cost of equip-
ment. Table 9 shows the equipment list with size/specifi-
cations and bare-module cost (CBM). Accordingly, the total 
bare-module cost (CTBM) for the CP-hydrate desalination 
process is 3.92  million US$ (M$). The percentage break-
down of CTBM is presented in Fig. 5. The primary equip-
ments contributing to installed equipment costs are com-
pressor, hydrate – crystallizer, and decanters.

The onsite costs correspond to the bare-module equip-
ment costs for the items shown in Fig. 3 were estimated 
directly from Guthrie’s correlations. Various cost components 

Table 6
Bare-module factors of Guthrie (1974) [28]

Equipment Bare-module factor (FBM)

Shell and tube heat exchanger, 
Melter

3.17

Pumps 3.3
Crystallizers 2.06
Compressors 2.15
Filters 2.32
Other equipment 2.6*

*Arithmetic mean of FBM is considered for other equipments.

Table 7
Specifications of different equipments of the CP hydrate 
desalination process, obtained from mass and energy balances

Equipment Heat duty/Power

Heat exchanger (HE 1) Duty: 832 kW
Heat exchanger (HE 2) Duty: 409 kW
Pump (P1) Power: 4.50 kW
Pump (P2) Power: 6.33 kW
Pump (P3) Power: 2.00 kW
Pump (P4) Power: 0.50 kW
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described in section 2.2.1.2 were calculated. The results are 
reported in Table 10.

The percent breakdown of total permanent investment 
(CTPI) is also summarized in Fig. 6. It can be seen that the 
bare-module equipment costs account for around 69% of 
the total permanent investment.

A summary of cost estimates performed in this work 
is summarized and compared with the data reported in 
the literature as shown in Table 11. The cost-estimations 
reported by Chong et al. [20] and He et al. [8] are expected 
to be much less than the projected costs in this work, 
as the cold-energy source (LNG) helps to eliminate the 
entire refrigeration cycle and to reduce the overall process 
costs. For the given product water capacity of 1,000  m3/d, 
the specific energy consumption in the present work is 

slightly higher than the value reported by Javanmardi and 
Moshfeghian [4]. This may be because the process they 
described uses two pumps, whereas the present process 
incorporates four pumps in total. The current process’s 
total capital investment and total product costs are also 
on the higher side. This might be due to an increase in the 
cost index between 2002 and 2019 (17  y). The estimated 

Table 9
Equipment list with sizing and bare-module costs (CBM) at I = 600

Equipment title and label Size/specifications Bare-module costs (CBM) in US$

Seawater pump: P1 (including electric motor) Seawater flow rate = 81 m3/h
Motor brake power = 8 hp

27,091.5

Hydrate slurry pump: P2 Slurry flow rate = 95.4 m3/h
Motor brake power = 25.5 hp

23,744.8

Seawater pump: P3 Seawater flow rate = 60 m3/h
Motor brake power = 3.8 hp

20,879.7

Cyclopentane pump: P4 Cyclopentane flow rate = 14 m3/h
Motor brake power = 1.4 hp

134,028.1

Heat exchanger (Seawater –brine): HE1 Heat exchange area = 77 m2 124,447.2
Heat exchanger (Seawater – refrigerant): HE2 Heat exchange area = 63 m2 274,431.4
Mixing tank with homogenizer: MX Volume = 48.3 m3

Mixing time = 30 min
757,521.8

Hydrate crystallizer: HC Volume = 106.5 m3

Residence time = 60 min
41,323.8

Vacuum filter: VF Filter area = 27.2 m2 191,127.8
Wash column: W Volume = 20.3 m3

Washing time = 20 min
374,922.4

Melter: M Heat exchange area = 204 m2 215,906.6
Decanter (CP – brine): D1 Volume = 27 m3

Holdup time = 24 min
341,784.1

Decanter (CP – product water): D2 Volume = 17 m3

Holdup time = 20 min
1,145,611

Compressor: C Brake power = 424 hp 250,825.6

Table 8
Operating parameters of VCRS

Parameter Value

Refrigerant R134a (1,1,1,2-tetrafluoroethane)
ṁR 3,049 ton/d
Pev 3 bar
Pcond 6 bar
Wcomp 530 kW
COP 11.33

19.3%

29.2%

15.1%

9.6%

7%

6.6%

5.5%
4.9%2.9%

Pumps
Vacuum filter
Melter
Heat exchangers
Mixing tank
Wash column
Decanters
Hydrate crystallizer
Compressor

CTBM= 3.92 M$

Fig. 5. Breakdown of total bare-module costs for CP-hydrate 
desalination process.
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total product cost of water from CP hydrate desalination 
is 5.71  $/m3, which is higher than the commercial reverse 
osmosis desalination (~3 $/m3 for 1,000 m3/d capacity [31]).

4. Scope for heat integration/waste energy utilization

The process economics presented in the previous sec-
tion uses a basic process sequence approach. It requires 
optimization utilizing a heat exchanger network (HEN) to 
further cut energy and operating costs. The application of 
advanced refrigeration cycles offering a high coefficient of 
performance (COP) can enhance the energy efficiency of the 
external refrigeration cycle, contributing to major energy 
costs in the entire hydrate desalination process.

Utilization of the potential refrigeration available in 
low-temperature liquefied natural gas (LNG) during regas-
ification in an integrated manner has already been well 
established by researchers [8,19,20,32,33]. The enthalpy 

of the cold LNG stream is used to cool the hydrate for-
mer and seawater to the hydrate formation temperature in 
the crystallizer, which can significantly reduce the energy 
consumption of the desalination process by replacing the 
refrigeration cycle. Depending upon the hydrate forming 
agent applied for hydrate desalination, the overall energy 
consumption is reported to be reduced to 0.84  kWh/
m3 (for propane) [20] and 0.35  kWh/m3 (for CP) [8]. This 
hybrid concept can potentially be extended in practice to 
reduce the energy requirement for the external refrigera-
tion cycles used in the present study. Nonetheless, such an 
integration would need a stable LNG cold energy source.

5. Conclusions

This work develops and presents the Microsoft Excel 
spreadsheet program-based process calculations and eco-
nomic estimations for the cyclopentane-based hydrate 
desalination. The process calculations reported in this work 
can be used as fundamental design values to synthesize the 
CP hydrate-based desalination process. The total capital 
investment is 7.19 M$ for 1,000 m3/d freshwater production 

Table 10
Cost components for 1,000  ton/d (~1,000  m3/d) product water 
from CP hydrate desalination

Cost component Value in US$

Total bare-module costs (CTBM): I 3,923,646
Site development costs (Csite): II 392,365
Building costs (Cbuildings): III 980,912
Off-site facilities costs (Coffsite facilities): IV 392,365
Total permanent investment (CTPI): 
(I + II + III + IV) = V

5,689,288

Value in US$/y
Utility (CUtilities): VI 184,803
*Direct wages and benefits (DW&B): VII 1,248,000
Operating cost: VIII 28,447
Tax and insurance (CT&I): IX 5,689
Depreciation (CDepreciation): X 22,757
Working capital (CWC): 
(VI + VII + VIII + IX + X) = XI

1,489,696

*$15/h wages and benefits are considered.

Table 11
Comparison of CP hydrate desalination process with other hydrate former based desalination processes

Parameters Javanmardi and 
Moshfeghian [4]

Chong et al. [20] He et al. [8] Present work

Cost index year 2002 2017 Not reported 2019
Hydrate former Propane Propane Cyclopentane Cyclopentane
Product water capacity, m3/d 1,000 6,200 1,800 1,000
Specific energy consumption*, MJ/m3 25.82 3.02 (with cold energy 

integration)
1.26 (with cold energy 
integration)

27

Total capital investment, M$ 5.46 9.6 6.11 7.19
Total product cost, $/m3 2.76 1.11 (with cold energy 

integration)
Not reported 5.71 $/m3

*Specific energy consumption estimated as total work of compressor and pump.

6.9%

17.2%

6.9%

69%

Total bare module costs
Site development costs
Building costs
Off-site facilities costs

Total 
permanent 
investment

Fig. 6. Breakdown of total permanent investment (fixed capital 
investment) for CP-hydrate desalination process.
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using the CP hydrate desalination process. The cost esti-
mates rationalize the CP hydrate desalination technology 
worth considering for further development. The specific 
energy consumption for the proposed hydrate desalina-
tion process is estimated to be 7.55 kWh/m3 product water, 
which is considerably higher than the existing desalination 
technologies (i.e., reverse osmosis). However, the reverse 
osmosis process faces challenges of membrane fouling and 
disposal of membrane waste. Hydrate desalination technol-
ogy can be an alternate, and further optimization using heat 
integration and/or cold energy integration can decrease 
the capital and operating costs to make the CP hydrate 
desalination process attractive. The prospect of hybrid 
hydrate and membrane processes to improve the overall 
desalination efficiency with maximum energy recovery and 
to treat hyper-saline water are other areas with increasing 
interest and research [2,34].

Symbols

A	 —	 Heat transfer area, m2

CACI	 —	 Amortized capital investment
CAO&M	 —	� Amortized operation and maintenance 

costs
CBM	 —	 Bare-module cost of equipment, US$
Cbuildings	 —	 Building costs, US$
CDepreciation	 —	 Depreciation costs, US$
CO&M	 —	 Operation and maintenance costs, US$/y
Coff-site facilities	 —	 Costs of off-site facilities, US$
CP	 —	� free on board (f.o.b.) purchase cost of 

equipment
CPc 	 —	� Specific heat capacity of the cold stream, 

kJ(/kg K)
CPCP 	 —	� Specific heat capacity of cyclopentane, 

kJ(/kg K)
CPh 	 —	� Specific heat capacity of the hot stream, 

kJ(/kg K)
CPhyd 	 —	� Specific heat capacity of cyclopentane 

hydrate, kJ(/kg K)
CPSW 	 —	� Specific heat capacity of seawater, kJ(/kg K)
Csite	 —	 Site development costs, US$
CT&I	 —	 Taxes and insurance costs
CTBM	 —	 Total bare-module cost, US$
CTCI	 —	 Total capital investment
CTPI	 —	 Total permanent investment, US$
CUtilities	 —	 Costs for utilities, US$/y
CWC	 —	 Working capital, US$/y
CO2	 —	 Carbon dioxide
COP	 —	 Coefficient of performance
CP	 —	 Cyclopentane
DW&B	 —	 Direct wages and benefits, US$/y
FBM	 —	 Bare-module factor
FM	 —	 Material factor
hhyd formation	 —	� Specific enthalpy of cyclopentane 

hydrate formation, kJ/kg of water
hhyd dissociation	 —	� Specific enthalpy of cyclopentane 

hydrate dissociation, kJ/kg of water
hi	 —	� Specific enthalpy of refrigerant at ith 

state, kJ/kg
I	 —	 Latest cost index

IB	 —	 Base cost index
ME	 —	 Multi-effect evaporation
MSF	 —	 Multi stage flash
MOC	 —	 Materials of construction
ṁc	 —	 Mass flow rate of the cold stream
ṁCP	 —	 Mass flow rate of cyclopentane
ṁh	 —	 Mass flow rate of the hot stream
ṁR	 —	 Mass flow rate of refrigerant, ton/d
ṁSW	 —	 Mass flow rate of seawater
Pcond	 —	 Condenser operating pressure, bar
Pev	 —	 Evaporator operating pressure, bar
Qcond	 —	 Heat transfer rate to the condenser
Qev	 —	 Heat transfer rate to the evaporator
QHE	 —	 Heat exchanger duty, kW
Qlatent	 —	 Latent heat duty
Qsensible	 —	 Sensible heat duty
RO	 —	 Reverse osmosis
SII	 —	 Structure II
Tci 	 —	 Inlet temperature of the cold stream, K
Tco 	 —	 Outlet temperature of the cold stream, K
THC	 —	 Hydrate crystallizer bulk temperature, K
Thi 	 —	 Inlet temperature of the hot stream, K
Tho 	 —	 Outlet temperature of the hot stream, K
Thyd dissociation	 —	� Equilibrium hydrate dissociation tem-

perature, K
Ti	 —	 Inlet temperature, K
TM	 —	 Melter temperature, K
ΔTLMTD	 —	 Log mean temperature difference (K)
U	 —	� Overall heat transfer coefficient, W/(m2 K)
Wcomp	 —	� Isentropic compression work of the 

compressor, kW
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