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Abstract— The Cu-Cl thermochemical cycle for hydrogen
production was selected on the basis of its high efficiency and
moderate temperature requirements. The modeling and
simulation of Cu-Cl thermochemical cycle for hydrogen
production is investigated in Aspen Plus. Since this cycle is a
high energy-consuming process, the heat integration technique
is implemented to recover the waste heat such that the process
optimization can be successfully achieved. The result confirms
that the optimal heat integration has contribution in achieving
the maximum heat recovery and reducing the capital and
operating cost.

[. INTRODUCTION

The dependence of modern civil society on the
unrenewable energy sources, such as petroleum, natural gases,
and coal has become a serious problem nowadays regarding
the climate change and green-house gas emission then has
resulted in wide research and development on the alternative,
clean, and sustainable energy sources. Hydrogen production
powered by nuclear energy is one of the attractive energy
source which has potential to be sustainable and can be
produced using many processes which are already
commercialized, such as coal gasification, water electrolysis
using electricity, and steam methane reforming (SMR) [1].
Nevertheless, alternative processes are under development.
Water  splitting via  thermochemical cycle using
copper-chlorine (Cu-Cl) is a promising process to decompose
water into its components, hydrogen and oxygen, through
intermediate copper and chlorine compounds, with the inputs
merely water and nuclear-derived heat. The process does not
give any contribution to greenhouse gas emission and have
implication with a series of close loop chemical reactions [2]
with lower temperature requirement than the other
thermochemical processes [3]. Cu-Cl cycle has not been built
up yet, however many studies have been conducted and are
available in the literature.

The findings of the current study by Lewis et al. [4,5]
who found that the Cu-Cl thermochemical cycle is a viable
and feasible process regarding to engineering and energy
efficiency. The simulation was developed using Aspen Plus
software and hydrogen production cost was estimated to be
$3.30/kg of H, Naterer et al. [6] presented the recent
Canadian advances in nuclear-based hydrogen production
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and the thermochemical Cu-Cl cycle. They listed recent
development with aspects of individual process and reactor
developments within the Cu-Cl cycle, the thermochemical
properties, materials, controls, safety, reliability, economic
analysis of electrolysis at off-peak hours, and plant
integration with Canada nuclear plants. Zamfirescu et al. [7]
investigated the thermophysical properties of copper
compounds in the Cu-Cl cycle and the kinetics of the
copper/hydrochloric acid reaction in the Cu-Cl cycle were
evaluated [8].

Conceptual process using Aspen Plus software by
Rosen et al. [9] indicated that the total heat requirement for
hydrogen production via Cu-Cl cycle was 543.7 kJ/mol H,
and the energy efficiency was 52.57%. Jaber et al. [10]
studied heat recovery from molten Cu-Cl in the Cu-ClI cycle.
They examined the convective heat transfer between molten
Cu-Cl droplets and air in a counter-current spray flow heat
exchanger.

The issues of global warming and greenhouse gas
emissions are considered as energy-related problems [11],
the heat exchanger network (HEN) technique is important
for energy integration which has been satisfactorily
developed to solve various chemical processes. Posada and
Manousiouthakis [12] showed that the heat integration of
SMR process could result in a 36% reduction in utility costs
with respect to a conventional process. Similarly, the HEN
method has been successfully implemented to many
industrial plants, e.g. an industrial ethylbenzene plant [13]
and an ethyl alcohol plant [14].

Inspired by the study of copper chlorine thermochemical
cycle to produce hydrogen, a new configuration for the Cu-Cl
cycle is developed. Three-step Cu-Cl cycle is introduced
where the steady state simulation is designed and analyzed
using Aspen Plus chemical process simulation package.
Energy efficiency of the process are examined. The heat
exchanger network (HEN) design and pinch analysis are
employed to achieve the maximum heat recovery of the
three-step Cu-Cl cycle such that the hot/cold utility loads can
be saved by over 80%. Finally the minimum annual total cost
near the pinch is estimated.

II. SYSTEM DESCRIPTION

Figure 1 consists of three major reactions, the details are
presented in Table 1. The cycle involves three steps, which are
hydrolysis reaction, electrolysis, and hydrogen production. Fig.
1 showing the simulation input only water and nuclear-derived
heat enter the cycle while the output only hydrogen and
oxygen without green-gas emissions. Liquid water at room
temperature enters the cycle through several heat exchangers
where it is evaporated until the temperature becomes 600°C.



TABLE L THE THREE STEPS CU-CL THERMOCHEMICAL CYCLE WITH
THEIR CORRESPONDING REACTION AND OPERATING TEMPERATURE

Step Reaction T (°C)
2CuCly(aq) + 2H,0(g) > CuCl(l) + 2HCI(g) + 0.5
1 0, () 600
2
2 4CuCl (s) = 2CuCl, (aq) +2Cu (s) 25
3 2Cu (s) + 2HCI (g) = 2CuCI(l) + H; (g) 450

Steam and copper chlorine come into the hydrolysis reactor
where the chemical reaction occurs. The reaction is as
follows :

2 CuCl, (aq) + 2 H,0 (g) > CuCl (1) + 2 HCI (g) + 0.5 0, (g) (1)

This is an endothermic reaction which yields hydrogen
chloride gas (HCI), oxygen gas, and liquid copper
monochloride  (CuCl).  Furthermore, liquid copper
monochloride passes some coolers to be solidified into 25°C
then enters the electrolysis chamber, where the reaction is as
follows :

4 CuCl (s) > 2 CuCl, (aq) + 2 Cu (s) ©)

This is an endothermic reaction which yields aqueous copper
chlorine and solid copper. The solid copper and hydrogen
chlorine gas come into the hydrogen production chamber
whose temperature has been adjusted previously to that
steps’s operating temperature. The operating temperature for
the third step is 450°C and the reaction is as follows:

2Cu (s) + 2HCI (g) & 2CuCl() + H, () A3)

The products of this reaction are hydrogen gas (H,) and liquid
copper monochloride (CuCl).

The kinetic model proposed by Serban et al. [15] and
Zamfirescu et al [8,15] for reaction (1) and (3) are:

ke=1737573.23 exp (-7515.5/T) h’!
k (min")=2.9 x 107 exp (-24.4/RT)
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In attempt to determine the potential of the Cu-Cl cycle,
the flowsheet of experiment was conducted using an Aspen
Plus software. According to the specifications of two coolers
and three heaters in Table 2, the heating and cooling load of
the system without heat integration are 1241970 kcal/h and
1325300 kcal/h.

III. HEAT INTEGRATION

The heat integration by using pinch analysis were choosen in
order to address the system with minimum energy
requirement and maximum waste heat recovery. In Fig.1, we
can see that the most important aspect needed are not only
extra energy, but also heaters and coolers to adjust the inlet
and outlet temperatures. Thus, the heat exchanger network
(HEN) were optimized to address the optimal heat integration
design so that some energy targets could be achieved. The
targets included the area and number of heat exchangers and
the duties of external hot or cold utilities.

A. Pinch Point Analysis

Based on the mass flowrate and temperature of hot and cold
streams in Fig. 1, the formula of the minimum number of heat
exchangers (Up;,) and the total network area (A i ) are
described as follows: [16]
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TABLE II. THE SPECIFICATION OF HEATERS AND COOLERS
Unit | Duty (kcal/h) T in (°C) T out (°C)
C1 1.223 E6 25 600
C2 1.897 B4 25 600
Hl 221E5 600 25
H2 3.83 E5 600 450
H3 2213 B5 450 25

HYDROLYSIS

H2 PRODUCTION

Figure 1. Aspen Plus process flowsheet of the simplistic three-step Cu-Cl
thermochemical cycle
Upin=N-1 (6)
_ 1 gInterval _AHk
Atotal - GZkzl...K AT Mk (7)

Where N is the total number of streams (including utilities).
AT\ represents the log mean temperature difference at the
prescribed segment k. K represents the number of segments,
and the heat transfer coefficient U = 0.1 kJ/(h.m".K) is
assumed to be the same for all streams. By eq. (6) and (7), the
number of heat exchangers for the system heat recovery at the
pinch is estimated to be 6 and the corresponding surface area is
estimated to be 317.1 m”.

B. Heat Exchanger Network (HEN)

Aspen Energy Analyzer was used to developed the optimal
heat exchanger network (HEN) framework near the pinch
point where multiple shells and stream splitting are taken into
account. Fig. 2 shows that there are two heat exchangers
(white mathes) which are used to carry out internal heat
recovery, two heat exchangers (red matches) to adjust
temperatures of two cold streams from hot utility, and two heat
exchangers (blue matches) to adjust temperatures of two hot
streams from cold utility. Based on the specifications of six
matches of heat exchangers in Table 3, the total area is
111.397 m’, and the heating and cooling load from external
utility are 142370 kcal/h and 226508 kcal/h.

C. Cost Evaluation

To identify the cost evaluation of the heat integration
the term annual capital cost, the annual operating cost, and the
annual total cost are used. The formulas are as follows:

(1) Annual operating cost = costs of hot and cold utilities
(i1) Hot or cold utility cost = mCpAT * cost index

(iii) Annual capital cost = costs of heat exchanger and fired heater
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(iv) Annual total cost = annual op. cost + annual cap. cost

Cost of heat exchanger = a + b X (I\I:—S)c X Ngp,
sh

Cost of fired heater = a + b X (heat duty)®

where Ny, represents the number of shell and A is the total
network area. We assume Ny, = 22 while a, b, and ¢ are
specified by Aspen Energy Analyzer, e.g., a = 10,000, b = 800
and ¢ = 0.8 in Eq. (8) and a= 100,000, b = 1000 and ¢ = 0.8 in
Eq. (9). According to Corripio et al. [18], parameter a and b
are the coefficient values used to calculate the design pressure
cost factor. They depend on the operating pressure of heat
exchanger. Meanwhile, parameter c¢ is the coefficient value
used to calculate the based cost of heat exchanger and it
depends on the heat exchanger construction material [19].
Therefore, the cost evaluation can be seen in Fig. 3. The rate of
return (ROR) = 10% and plant life (PL) = 5 year are

considered.
cu Q ’ >
0 o
- @
a - f p W : >
Q £ >
HU
Figure 2. Heat exchanger network
TABLE III. THE SPECIFICATIONS OF HEAT EXCHANGER NETWORK
Match Exchanger Area Hot Stream Cold Stream
duty m) | T | Tow | Tin | Tou
(kCal/h) (°C) (°C) (°O) (°O)
Cu-H1 2213 ¢e5 6.524 600 25 -24.99 | -24
Cu-H3 2179 0.2663 35 25 -25 -24.99
HU-C1 2491 e5 9.959 1879 | 5455 | 482.8 600
HU-C2 1.897 e4 0.1901 2000 1897 25 600
C1-H2 8.830 e5 45.76 600 450 67.52 482.8
C1-H3 9.041 e4 10.28 450 35 25 67.52
TABLE IV. THE PARAMETERS OF HOT AND COLD UTILITIES [17]
- o o Cp Cost index
Utility TuCO | T CO | 00y | ($/keal)
Fire heater | 2000 1864.4 1.000 2.653 e-05
Propane -25 77 4.000 1.145 e-05

IV. DISCUSSION

The pinch point analysis shows the maximum heat
recovery of the process. Within HEN framework, the utility
load for heating and cooling can be reduced to 89.25% and
81.76%. The efficiency of the heating load is :

kcal
142370T

kcal) * 100% = 8925% (10)

1241970T

rlheating = (1 -

And the efficiency of cooling load is :

226508 %

kcal) *100% = 81.76% (11)

1325300T

rlcooling = (1
By applying the matches of heat exchanger network in Fig.

2, the heat-integrated system is depicted in Fig. 3. The hot
utility through two matches (HU-C2 and HU-C1) increase the
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temperature of one of streams from 482.8°C to 600°C which
also covers the heat requirement for hydrolysis reaction and
hydrogen production reaction. The cold utility through two
matches (CU-H1 and CU-H3) decrease the temperature of
CuCl stream from hydrogen production reactor from 35°C to
25°C, and then cools down the outlet temperatures of CuCl
from hydrolysis chamber to the normal temperature. Liquid
water is also preheated through two internal heat exchangers
(C1-H3 and C1-H2). These internal heat exchangers cover not
only the heat requirement of hydrolysis reaction, but also
heating up water streams from 25°C to 67.52°C.

By using Aspen Energy Analyzer with its cost parameters,
Fig. 4 provides the result obtained from the targeting of AT,
by minimizing the annual capital cost, annual operating cost,
and annual total cost. It appears that a trade-off between costs
of capital and operating induces the minimum annual total cost
at the optimum AT ;, near the pinch point. AT,,;;= 9°C near the
pinch is roughly estimated to confirm the initial system design.

TABLE V. POSSIBLE COST FOR RAW MATERIALS AND PRODUCTS

Massrate Annual
Component (kg/yr) Price ($/kg) Cost/value
($/year)
H2 335700 3.3 1,107,810.00
02 2664324 3.31 8,818,912.44
HCI (g) 1686.574 0.241 406.46
CuCl (aq) 9166.342 7.2 65,997.66
Cu (s) 2939.476 83.25 244,711.38
D

Hot Utility
2000 C

Figure 3. Heat integration of the simplistic three-step Cu-Cl

thermochemical cycle
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Figure 4. Targeting AT, by minimizing the annual costs



V. CONCLUSION

The purpose of this study was to present a new approach
of hydrogen production via three-step Cu-Cl thermochemical
cycle. In terms of hydrogen yield and greenhouse gases
emissions, its performance is superior to any other processes
due to its yield of hydrogen and oxygen only with water
feed.The HEN design by using pinch point analysis were
performed in order to address the system with the maximum
heat recovery. The estimation of minimum annual total cost
for the heat integration was carried out using Aspen Energy
Analyzer with its cost parameters.
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