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A mathematical model is presented for the optimization of the hydrogen—chlorine energy storage system.
Numerical calculations have been made for a 20 MW plant being operated with a cycle of 10h charge and
10h discharge. Optimal operating parameters, such as electrolyte concentration, cell temperature and
current densities, are determined to minimize the investment of capital equipment.

Nomenclature H? c, heat of formation of liquid chlorine
(Jkg-mol™? Cl,)
Aex design heat transfer area of heat ex- HYuc  heat of formation of aqueous HCl
changer (m?) (J kg-mol™* HCI)
Ap electrode area (m?) H,, total mechanical energy losses (J)
Coc1, heat capacity of liquid chlorine I total current flow through cell (A)
Jkeg ' K™Y i operating current density of cell stack
Cy.m, heat capacity of hydrogen gas at constant (Am™)
volume (J kg K™) L length of pipeline (m)
Comci  heatcapacity of aqueous HCL(Jkg ™ K™ N number of parallel pipelines
Cgacia  cost coefficient of HCI/Cl, storage Ange;  change in the amount of HCI (kg-mole)
($m™4) P pressure of HCI/Cl, storage (kPa)
Cgex cost coefficient of heat exchanger P H, storage pressure at the beginning
($m™9) of charge (kPa)
Cyr cost coefficient of cell stack ($ m™2) P, H, storage pressure at the end of charge
Csn, cost coefficient of H, storage ($ m™%) (kPa)
Cyj cost coefficient of equipment j ($/unit —Qex  heatremoved through the heat exchanger
capacity) €))
Cspipe cost coefficient of pipe ($m™) R universal gas constant (8314 Jkg-mol™
Cypump  cost coefficient of pump (§ 778 K™
s79%) Say, the solubility of chlorine in aqueous
E cell voltage (V) HCI (kg-mole Cl, m™ solution)
F Faraday constant (9.65 x 107 Ckg- T electrolyte temperature (K)
equiv?) T, electrolyte temperature at the end of
F; design capacity of equipmentj (unit charge (K)
capacity) Tax maximum electrolyte temperature (K)
Gp design electrolyte flow rate (m® h™*) Toin minimum electrolyte temperature (K)
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t final time (h)
fex the length of time for the heat exchanger
operation (h)

Uey overall heat transfer coefficient (Jh™
m™2K™)

Vacid volume of HCI/Cl, storage (m?)

Va, volume of H, storage (m?)

? design linear velocity of electrolyte
(ms™)

Wey, amount of liquid chloride at time 7 (kg)

Wei,,o  amount of liquid chlorine at time #o (kg)

HCl amount of aqueous HCl solution at time

t (kg)

Wy design brake power of pump (Js™*)

X electrolyte concentration of HCl at time
t (wt fraction)

Xt electrolyte concentration of HCI at the
end of charge (wt fraction)

X electrolyte concentration of HCl at the
beginning of charge (wt fraction)

X, electrolyte concentration of HCl at time
to (wt fraction)

Y objective function to be minimized
SkWh™

o the scale-up exponent of equipment j

€ overall electric-to-electric efficiency (%)

€acid safety factor of HCI/Cl, storage

€a, fractional excess of liquid chlorine

Mp pump efficiency
average density of HCl solution over
the discharge period (kgm™)

Puc1

1. Introduction

Since 1975, the hydrogen—chlorine cell has been
considered for large-scale energy storage appli-
cations. An economic assessment of the system has
been described [1} and nonsteady-state mass and
heat balance [2] has been performed to identify
the operating characteristics of the energy storage
plant. It was found that an overall electric-to-
electric energy conversion efficiency of greater
than 70% could easily be achieved with this system.
The system is based on a solid polymer electrolyte
(SPE) cell. The properties of the cell membrane
[3], the kinetics of electrode reactions, the cell
construction, and the cell performance data [4]
have been reported; the SPE technology allowed
the cell to be operated at 3000 Am ™ with small
overvoltage losses. The technical feasibility of

using a hydrogen—bromine cell [5] for energy
storage has also been evaluated. This paper is con-
cerned with a system optimization to minimize the
capital investment of a 20 MW/200 MW h electro-
chemical hydrogen—chiorine energy storage plant
designed to operate with a cycle of 10h charge
and 10h discharge.

Optimization of battery systems has not been
widely reported in the literature. Lucesoli and
Degobert [6] optimized the performance of a
hydrogen-air fuel cell to achieve a life span of
3000h. Sharaevskii et al. [7] calculated the opti-
mal amount of hydrophobic binder required in a
gas-diffusion electrode. Ceynowa and Wodzki [8]
used the simplex method to compute the optimal
membrane thickness of a hydrogen—oxygen fuel
cell. Brovalskii and Sinyavskii [9] maximized the
power density of a thermionic fuel cell and
obtained the optimal electrical and geometrical
parameters of the cell. The optimization of a sealed
nickel-cadmium battery was described by Belove
and Mundel [10]. Kordesh and Clark [11] opti-
mized the elements of construction of a hydrazine—
air fuel cell, such as the cathode composition,
the cell separator and the fuel concentration. Spacil
and Will [12] calculated the optimal membrane
thickness for a zinc-bromine battery. The design
and optimization of a lithium-—iron sulphide
battery was reported by Shimotake ef al. [13].
Hardt et al. [14] optimized the design parameters,
such as the current density and the electrolyte
flow rate, of a hydrazine-oxygen fuel cell for use
in a zero-gravity field. The same cell was further
optimized by Urbach ez al. [15] to achieve the
maximum power efficiency and operating tem-
perature. Cnobloch et al. [16] calculated the
optimal operating conditions of an 8 kW hydrazine-
oxygen fuel cell. The optimal performance of a
methanol-oxygen fuel cell was determined by
Oniciu and Agachi [17], who calculated the maxi-
mum power output as a function of the electrolyte
flow rate, the cell temperature and the oxygen
partial pressure. Hadley and Catotti [18] optimized
the overcharge capability of a nickel-cadmium
cell. Alashkin ez al. [19] optimized the reagent
consumption of a hydrazine-hydrogen peroxide
electrochemical power plant. The fuel utilization
of an acid fuel cell was optimized by Newman
[20], who presented numerical results as a function
of electrode area and current density.
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In the electrolysis industry, Ibl and Robertson
[21] considered the use of surplus night electricity;
they calculated the optimal current density for
night operations in the chlor-alkali and the copper
refining industries. The investment of an electro-
lytic copper refining process was optimized by Ibl
[22], who concluded that the optimal operating
current density should be greater than one-third
of the limiting current density in a natural con-
vection cell. Gallone and Messner [23] minimized
the manufacturing cost for the electrolysis of
hydrochloric acid. A mathematical model for the
optimization of an electrolytic chlorate production
cell was described by Jaksic [24].

In the present study, the operating current
density, the electrolyte concentration and the cell
temperature of an electrochemical hydrogen—
chlorine energy storage plant have been optimized.
Based on the optimal results, the design parameters
of the key components in the plant are determined
to yield a minimum capital investment. Although
this work is specifically for the hydrogen—chlorine
system, the method of mathematical modelling
and the computing algorithm treated can be easily
extended to the optimization of other electro-
chemical load-levelling and bulk energy storage
systems.

2. Analysis
2.1. Plant description

A 20 MW/200 MW h energy storage plant is con-
sidered in this study. The plant is designed to
operate with a cycle of 10h charge and 10h dis-
charge. A simplified flow sheet is shown in Fig, 1.
The heart of the plant is a cell stack consisting of

10 modules of 2MW/20MW h H,/Cl, batteries;
the other key components include a hydrogen
clean-up and storage system, HCI/Cl, storage,
pumps for fluid circulation and a heat exchanger
for thermal conditioning. During the charge cycle,
the HCl circulation pump transfers concentrated
hydrochloric acid to the chlorine-electrode com-
partments of the cell stack, where the following
reaction occurs:
Electrical energy + HCl(aq) = {H,(g) + 1 CL (D).
(1)
The Cl, electrode and the HCI/Cl, storage are
pressurized at 2760 kPa (400 psi); at this pressure,
the chlorine produced by the electrolysis will be
in liquid form. The liquid chlorine is carried away
by the excess hydrochloric acid to the HCl/Cl,
storage where it is stored as a separate liquid phase.
The hydrogen gas produced by the electrolysis is
passed through a H, clean-up device and then
stored in the H, storage. The SPE H,/Cl, battery
allows the H, electrode to be operated at a pressure
different from the Cl, electrode so long as the
pressure difference is less than 2760 kPa (400 psi).
The cell is also capable of compressing the H, gas
to 4100 kPa without the need of a gas compressor.
In this plant layout, the hydrogen storage pressure
is 690 kPa (100 psi) at the beginning of charge, and
at the end of the 10h charge cycle the H, pressure
increases to 4100 kPa (600 psi). The hydrogen
storage temperature is 298 K.

During discharge, the HCI circulation pump and
the Cl, pump transfer the aqueous hydrochloric
acid and liquid chlorine into the cell stack;the
hydrogen gas also passes through the expansion
valve to the H, electrode of the cell stack. During
this period, the reverse reaction of Equation 1

ELECTRIC ENERGY

HC1/C1 STORAGE
Hy Cl
electrode electrode
CELL STACK

HEAT
EXCHANGER
HC1 C1l
CIRCULA-  PUMP
TION PUMP

Fig. 1. Simplified flow sheet for an electrochemical hydrogen—chlorine energy storage system.
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occurs. It should be noted that Equation 1 has a
large entropy change; at 298 K, the value of TAS
amounts to 8.67 kcal g-mol ™ HCI. This large TAS
results in the cooling of the electrolyte during
charge and a large heating effect during discharge.
A typical temperature profile as calculated from
the nonsteady-state heat balance [2] is shown in
Fig. 2 for various cell current densities. It is seen
that the electrolyte temperature decreases during
the charge period; during discharge, the tempera-
ture rises rapidly due to the combined effect of
TAS and overvoltage losses. The function of the
heat exchanger is to keep the electrolyte tempera-
ture between a maximum (T4 ) and a minimum
(T nin) operating temperature. When the electrolyte
temperature reaches T, oy, heat will be removed
from the heat exchanger to maintain the tem-
perature at Tpy,,. Conversely, when the electrolyte
temperature decreases to Ty, heat will be added
from the heat exchanger to maintain the tempera-
ture at Tyy;p . The length of time required to oper-
ate the heat exchanger can be determined by the
nonsteady-state heat balance; this is indicated as
tex in Fig. 2,

2.2. Objective function

To simplify the analysis, 1.0kWh of energy out-
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Fig. 2. Typical temperature profile for the electrolyte and
cell stack. The curves were calculated for the electrolyte
concentration varying from 35 wt% HCl at the beginning

of charge to 5 wt% HCl at the end of the 10 h charge cycle.

put during the discharge period will be used as the
basis of calculation. The variables to be optimized
are: (a) the operating cell current density (), (b)
the maximum electrolyte temperature (745 ),
and (c) the initial electrolyte concentration X; at
the beginning of charge. These variables affect the
overall electric-to-electric energy conversion
efficiency, and have a great influence on the capital
investment of the energy storage plant. In this
analysis, the minimum electrolyte temperature
Tmin, and the final electrolyte concentration X

at the end of the 10h charge period will be kept at
288 K and 5 wt% HCl, respectively; this is because
of environmental and techno-economic consider-
ations [1, 2].

According to the flow sheet shown in Fig. 1,
we shall minimize the capital cost consisting of the
following plant components: (a) cell stack, (b)

H, storage, (¢) HCI/Cl, storage, (d) heat exchanger,
(e) piping and (f) pumps. The costs of installation,
chemicals, the equipment for power conditioning,
H, clean-up, sewerage, water distribution, safety
precautions, etc., are not directly related to the
variables to be optimized; therefore, they will not
be considered in this analysis for the simplicity

of mathematical formulation. The present task is
to minimize the objective function Y (i, Tay, X1)
for a 20 MW/200 MW h energy storage plant:

Cost of (cell stack + H, storage
+ HCY/C1, storage + heat exchanger

+ piping + pumps)
Net energy output during the discharge period

1000 %, Cy
=i T §KW R 2
(ffg EI dl‘)Discharge ( )

Here Cg; and F; are the cost coefficient and the
design capacity of equipment f; o; is an exponent
associated with the scale-up of the equipment
[25]; and E and [ are the voltage and the total
current from the cell stack. Equation 2 is subject
to the following constraints:

0<i<5000Am™
318K < Tonax <368K 3)
0.05<X;<0.5.

These values are chosen because of the availability
of the cell performance data, the temperature
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limitation for the plant materials to withstand the
corrosion of the aqueous HCI/CI, mixture, and the
stability of hydrochloric acid at high temperature
and concentrations. The other conditions associated
with the objective function are:

X¢ = 0.05, Tmin = 288K, P = 2760kPa
P, = 690kPa, P, = 4100kPa. (4)

2.3. Cost estimate

In this section, we shall summarize the cost esti-
mate for each of the capital items listed in Equation
2. The details of the analysis are given in [26]. All
the prices given below are based on a constant
1977 US dollar.

2.3.1. Cell stack. The cost of the cell stack is pro-
portional to its electrode area Ap:

Cost of cell stack = Cgpdr = Cgrl/i. (5)

Here [ is the total cell current, i is the operating
current density, and Cgp is the cost coefficient per
unit electrode area of the cell stack. For the
General Electric SPE cell, Cgp has a value of
$162m™2 [27].

2.3.2. H, storage. The hydrogen gas produced by
the electrolysis will be stored in carbon steel tanks
at 4100 kPa and at an ambient temperature of
298 K. The cost of storage is related to the total
volume of hydrogen at the end of charge. Using the
material balance, the volume can be calculated as:

_ L87x107*R(298) |

v;
H, P, —P,

(©)

where R is the universal gas constant and P; and
P, are the storage pressures at the beginning and
the end of the charge period, as shown in Equation
4. For a 20MW H, /Cl, energy storage plant
operated with cycles of 10 h charge and 10h dis-
charge, Vy_ is approximately equal to 2600m®.
The cost of the H, storage can be expressed as

[25]:
Cost of H, storage = Cgn_ V§>® @)

where the cost coefficient Cgy, is equal to
$28 000 m ™16 for cylindrical carbon steel tanks
[25].

2.3.3. HCI/Cl, storage. The design variable for this
equipment is the total volume of hydrochloric
acid and liquid chlorine required for the storage. It
has been found that the maximum volume generally
occurs at the end of charge; this volume can be
determined with the material balance and the
densities of the aqueous hydrochloric acid and the
liquid chlorine at the end of the charge cycle [26]:

Vacia =
€acia [12.54 x 107 X—l —267x107%} I
Xi _0.05
+0.0132(1 + )——1—— (8)
' “cL) 2450 — 36T, |

Here T, is the electrolyte temperature at the end
of charge;it can be determined from the nonsteady-
state mass and heat balance [2]. In this study a
design safety factor of €,,q = 1.1 and a fractional
excess of liquid chlorine, e, = 0.2, will be used.
The HCI/Cl, storage will be of a glass-lined steel
tank of approximately 900 m3. The cost estimate
for this equipment is [28]:

Cost of HCl/Cl, storage = Cgagiq Vit

©)

where the cost coefficient Cg,iq is equal to
$21300m™* [29].

2.3.4. Heat exchanger. The function of the heat
exchanger is to remove the waste heat during dis-
charge and to limit the electrolyte and cell tem-
perature within the operating limits. The amount
of heat — 0, to be removed through the heat
exchanger is determined from the nonsteady-state
mass and heat balance [2]; it is a function of the
operating current density 7, the maximum electro-
lyte temperature Ty, , and the initial electrolyte
concentration X; at the beginning of charge:

Qex = Qex(i: Tmax,Xi)- (10)

The cost of the heat exchanger depends upon the
design heat-transfer area A, , which can be cal-
culated according to:

Qex
Ay = =~ 11
. teerx(Tmax — 1T c)
Here T, is the average cooling water temperature;
an ambient temperature of 298 K will be used for
the calculation. The quantity ., is the length of
time for the heat exchange operation; it is deter-
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mined with the nonsteady-state mass and heat
balance. The quantity U,, is the overall heat
transfer coefficient; according to Ludwing [30], 2
value of Up, =3.07x10°Th™ ' m 2 K™ can be
used for design purposes. In this study, a tantalum
heat exchanger will be used to handle the corrosive
solution of HCl and Cl,. The cost of the heat
exchanger can be estimated as [28]:

Cost of heat exchanger = CgeddS?  (12)

where Cgey has a value of $5000m™ for a size
of Ay, of the order of 300m? [29].

2.3.5. Piping. We shall only consider the pipes for
the circulation of the electrolyte. The piping cost
for the transport of hydrogen gas has been esti-
mated to be less than $1.35kW™ h™! [31];it
is independent of the operating conditions and can
be neglected in this analysis. The pipeline to trans-
port the electrolyte consists of glass-lined steel
pipes of 0.0394 m (10in) inside diameter; the pipe-
iine is estimated to be 300 m long [31]. A flow
rate which enables a maximum of 30% conversion
of dissolved Cl, in the HCl electrolyte during the
discharge period will be used for the design pur-
pose. For the 20 MW/200 MW h plant, this flow
rate is rather large, and several parallel pipelines
will be required. The cost of the pipelines can be
determined by:

Cost of pipe = NCgpipel.. (13)
Here N is the number of parallel pipelines; the cost
coefficient Cgpip is equal to $290m™ [29] for
the 0.0394 m internal diameter glass-lined steel
pipes; and L is the pipeline length of 300 m. Using
the material balance, the design flow rate can be
evaluated from the following relation:

-5
6.23 x 10 1)‘ 14)
Sa

Here S, is the solubility of chlorine in aqueous
HCl; it is a function of temperature, HCl concen-
tration and the system pressure [2]. Equation 14
can be evaluated from the nonsteady-state mass
and heat balance, and the number of paraliel pipe-
lines is related to Gpy by

Gp = max(

2

Gp
17(0.0394)2 3600V

N = integer ( + 1). (15)

Here ¥V is the design linear velocity for the flow of
electrolyte; a value of 1.5ms™ [30] is usually

chosen for the design purposes. It can be estimated
that approximately a total of eight pipelines will
be needed.

2.3.6. Pumps. A tantalum centrifugal pump will

be used torecirculate the electrolyte. The Cl, pump
is a PTFE-lined metering pump with a double
Teflon diaphram; it is estimated that each pump
costs $47 600 [29, 31]. The cost of the HCl pump
depends upon its design brake power; using a
macroscopic mechanical energy balance, the design
brake power can be estimated as:

_ 312x10

P

Wp PuaGo/N)®  (16)

where n, = 0.8 is the pump efficiency and pgc is
the average density of the hydrochloric acid elec-
trolyte over the discharge period. A Reynolds
number of 2 x 10°, a fanning friction factor of
0.004, a pipeline length of 300m, and a 10% of
additional frictional loss through valves, elbows,
and other pipe fittings have been taken into
account in the numerical coefficient of Equation
16 [26]. The total cost for ¥ HCl pumps and N
Cl, pumps is [32]:

Costs of pumps = NCgpump Wo'*® + 47600V (17)

where the cost coefficient Cgpump for an average
7.5 kW tantalum pump is $1.7 (J/s)%.

2.4. Nonsteady-state mass and energy balance

The operation of the electrochemical H, /Cl,
energy storage system is a time-dependent process.
The nonsteady-state mass and heat balance permits
one to determine the changes in the electrolyte
concentration, the electrolyte terperature and the
cell voltage during the charge and discharge
operations; it also permits one to calculate the
amount of waste heat — Qex to be removed, and
the length of time 7., required for the heat
exchange operation. Once the temperature and the
concentration of the electrolyte are determined,
one can further proceed to calculate the design
flow rate Gp from Equation 14, and the average
electrolyte density fyey required for the calculation
of the pumping brake power (Equation 16). The
details of the mathematical formulation are given
in [2]. For the present system, shown in Fig. 1,2
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material and energy balance between time #, and ¢
results in the following governing equations:

t An
— 3600 L EIdt—2.02 %
23

298
X f Cotr, AT + Qe
T 2

208
= Wacto - Co,m01dT + Way, 0

0

298 o
X fT Co,cn, AT + Ay uei(X)
i)

XoW,
‘_~03—6_H501 2 [HE nai (D) — B uai(Xo)]
An

- ‘—‘—ZHCI H o, + Wey, 0 — 3 Anpe)

T
X f298 Cp,012 dar + (WHCI,O + 365AI’IHCI)

X f T aedT 18
2908 p,HCI ( )
3600
Ay = F f 1d (19)
Waa = Wucre +36.50nug (20)
An

Woy, = Wopo—71 =2 (21

 WaaroXo + 36.5An50:
X = Wacro + 36.50nkG 22)
Ou = 0 for Tin < T < Topax. (23)

The quantities with subscript O are variables and
physical and thermodynamical properties at time
to; those without the subscript O are the instan-
taneous variables and properties at time ¢. The
convention used here is that the cell voltage £
and Anyey have negative values during charge and
positive values during discharge. The function of
Qe is to regulate the electrolyte temperature
within the operating limits as discussed before.
The values of Cy n1, , Cp en Go 1, » Homan,

H{ ey, Prci, and S¢;, have been summarized else-
where [2, 26, 33-36]. The F versus i curves for
the General Electric SPE cells have been previously
reported [4]; the test data can be summarized by
the following empirical equations:

For charge

E = —[1.28—0.96(X —0.1)—0.0017(T — 298)
+43x1075T(In P—4.62) + 9.87 x 1077
—[0.78 —0.006(T — 298)] x 107%.  (24)

For discharge

E = 128 —0.96(X —0.1)—0.0017(T — 298)
+43x10737(n P—4.62) + 9.87 x 107¢P
~(4.54—0011T7)
x [1+1.07 exp (—0.0087P)] x 107% (25)

where P is the cell pressure in kPa and T is the
electrolyte temperature in K. Equations 18-25 can
be used to calculate the cell voltages during the
charge and the discharge cycles, and the overall
electric-to-electric efficiency for energy storage
may then be evaluated as follows:

n 36000128 EI dt)discharge - Hm
3600(J2°ET df)enarge

&%) = % 100.

(26)
Here H,,, is the total mechanical energy losses,
consisting of the energy consumed by pumping the
electrolyte and the cooling water during the charge
and the discharge cycles. It has been found that
the value of H,, amounts to only 0.4 MWh in the
present system [26] ; this value is small as compared
with the integral of ET during discharge, and may
be neglected for most calculations,

3. Numerical results and discussion
3.1. Characteristics of the objective function

A constant current of 2 x 107 A has been used as
the basis of numerical computation. To calculate
the objective function Y, one needs to substitute
Equations 5-17 into Equation 2 and to carry out
the integration of EJ over the discharge period. A
‘golden ratio’ search method [37, 38] has been
used to solve Equations 18-26 for the cell voltage
E, the electrolyte temperature T, the waste heat
— (ox. the length of time for the heat exchange
operation .., the design flow rate of the elec-
trolyte Gp, the average electrolyte density fycy,
and the overall electric-to-electric efficiency e.
These quantities are then used in Equations 2-17
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Fig. 3. The objective function Y versus Xj for various
operating current densities at Ty, = 348 K.

for the numerical evaluation of the objective
function Y.

In Fig. 3, the values of Y are plotted against
the electrolyte concentration at the beginning of
charge X; for the various operating current den-
sities 7; these curves are calculated for a given
maximum operating temperature of Ty, =
348 K. The curves show a sharp decrease in the
value of Y as X; starts to deviate from the final
electrolyte concentration of Xz = 0.05, apparently
caused by a decrease in the cost of the HCI/Cl,
storage as X; increases. The curves go through a
minimum in the region of 0.15 < X; <0.35 and
then increase with further increase in Xj, due to
a decrease in the electric-to-electric efficiency at
high electrolyte concentrations. The effect of
Tmax on the objective function is shown in Fig. 4,
where the curves for various i are obtained at
X; = 0.35. It is seen that as T}, increases, the
value of Y decreases primarily due to a decrease in
the required heat exchange area, as shown in
Equation 11. The influence of the operating current
density i is shown in Figs. 5 and 6 for various Ty,
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Fig. 4. The objective function Y versus Ty, for various
operating current densities at X; = 0.35.
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Fig. 5. The objective function Y versus f for various Tyay
at Xi = 0.35.
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Fig. 6. The objective function Y versus i for various X; at
Tmax = 348K.

and X;. The objective function is shown to decrease
with increasing i in the low current density region,
reach a minimum, and then increase with further
increasing 7 in the high current density region. The
initial decrease in ¥ is caused by a decrease in the
cost of the cell stack as the operating current

Table 1. Results of the optimization calculation

density increases. However, this decrease is offset
by a decrease in the electric-to-electric efficiency,
and the need for a larger heat exchanger at high
current densities. In addition, the electrolyte tem-
perature is higher at high operating current den-
sities. This causes a decrease in the solubility of
chlorine in the electrolyte, and a larger pumping
rate will be required to recirculate the electrolyte
to meet the requirement of 30% conversion in
the cell stack. Consequently the value of ¥
increases with 7 in the region of high current
densities.

3.2. Optimization results

Figs. 3-6 indicate that there is a minimum for the
objective function in the region: 0.15 < X; <0.35,
338K < Tae <368Kand 1000Am™ <i<
2500 Am™, Using Hooke and Jeeve’s direct search
method [39], a computer program has been
prepared to locate the optimal point [26]. The
results of the numerical computation are given in
Table 1. The optimal point is found to be at:

X; =03, Tnax =343Kandi = 1900 Am™. The
associated profiles for the electrolyte temperature
and the cell voltage are shown in Fig. 7. It is seen
that under the optimal operating conditions, the
cell voltage increases from 1.16 V to 1.52V during
charge and decreases from 1.12V to 0.9V during
discharge. The electrolyte temperature decreases
from Ty, = 343 K at the beginning of charge to
T, = 296 K at the end of charge; during discharge,

Item Capital cost Percentage Design capacity
$kW h)

Cell stack 8.5 26.6 1.05 X 10* m? cell area

H, storage 9.5 29.8 2.68 X 10° m® storage
volume

HCYCl, storage 3.1 9.7 1.07 X 10° m? storage
volume

Heat exchanger 6.0 18.8 2.81 X 10? m? heat
exchanger area

Pump 1.8 5.6 2.4 X 10 ¥s™ pump
brake power

Piping 3.0 9.5 7 parallel pipelines

Total cost 319 100.0

Optimal operating condition:

i =1900 Am™, Tay = 343K (70° ©), X; = 0.3, ¢ = 74.6%
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Fig. 8. Capital investment cost as a function of 7 at the
optimal Tax = 343K and X; = 0.3.

it increases back to Ty, =343Kat#=13.75h.
The total input electric energy during the charge
cycle is 268 MWh, and the net output electric
energy during the discharge cycle is 200 MW h, this
yields an overall electric-to-electric efficiency of

€ = 74.6%. The total electrode area required for
the cell stack to operate at the optimal condition
is 10 500 m?. The design volumes for the H, storage
and the HCl/Cl, storage are 2680 m® and 1070 m3,
respectively. The waste heat to be removed during
the discharge cycle is 2.4 x 10 J (5.7 x 107 keal);
this requires a heat exchange area of 281 m?. Also,
a total of seven pipelines, and seven sets of Cl,
pumps and HCl pumps will be needed to recircu-
late the electrolyte at a rate of 1880m® h™* (8280
galmin™); the brake power required for each HCI
pump is 2400Js™* (4 HP).

The minimum cost for the six capital items
included in Equation 2 is $31.9kW™ h™*, columns
2 and 3 in Table 1 list the cost-breakdown for each
item. In Fig. 8, the total capital cost and the capital
cost of each item are plotted as a function of the
operating current density at the optimal T, =
343K and X; = 0.3. It can be seen that the capital
costs of each item except the cell stack increase as
the operating current density increases. Only the
cost of the cell stack decreases as the operating
current density increases. The influence of the
current density on the cost of H, storage and
HCI/Cl, storage is due to a decrease in the electric-
to-electric efficiency as previously mentioned. The
influence of current density on the cost of heat
exchanger, pump, and piping is due to a combined
effect of decreasing the electric-to-electric
efficiency and increasing the design flow rate of
the electrolyte. The major cost items in the objec-
tive function are the cell stack, the H, storage, and
the heat exchanger, which constitute 75% of the
total capital investment, as shown in Table 1.

3.3. Sensitivity tests

Since the purchasing costs of equipment change
with time, a sensitivity test on the cost coefficient
Cg; will give an idea of the changes in the optimal
operating condition with changing equipment
purchase prices. Fig. 9 shows a sensitivity test of
the cost coefficient of the cell stack Cg. It should
be noted that a value of Cge = $162m™ has been
used in the present optimization calculations: a
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cell cost curve for Cge = $162m™ is shown in
the figure. Two additional cell cost curves are also
plotted in the figure: one is for Cgr = $81 m™
and the other is for Cgr = $324 m™2. The sum of
the capital costs for the remaining five items are
shown as a single line. It is seen that as the cost
coefficient of the cell stack changes from $162m™2
to $324m™? the influence of the cost of the cell
stack on the total capital investment becomes
more important. This forces the optimal operating
current density at Cgp = $324m™2 to a higher
value than for Cgr = $162 m™2. The optimal opera-
ting current density changes from i = 1900 Am™>
toi = 2500 Am™2 as Cgp changes from $162m™
to $324 m™2. On the other hand, as the cost coef-
ficient of the fuel cell stack changes from Cgp =
$162m™ to Cgr = $81 m™2, the influence of the
cost of the fuel cell stack on the total capital
investment becomes less important. Thus the
optimal operating current density changes from
i=1900Am™ toi= 1400 Am™ as Cgp changes

from $162m™ to $81 m™2.

A similar test has been made for the cost
coefficient of H, storage, Cgy, [26]. It can be
shown that the minimum capital investment
changes from $31.9kW ™ h™ to $41 kW h™!
as Cgyy, changes changes from $28 000 m™¢ to
$56000m ™%, and from $31.9kW* h™! to
$27kW™ h™" as Cgry, changes from $28 000 m™*
to $14000 m™*¢.

3.4. Comparison of plant erection costs between
optimal and unoptimized designs

A cost assessment of a 20 MW/200 MW h electro-
chemical hydrogen-chlorine energy storage plant
has been made by Oronzio de Nora Impianti
Elettrochimici SpA [31]. The plant was designed
for a specific operating condition of { =

2250 Am ™2, Tpnaxe = 368K and X; = 0.35, with an
overall electric-to-electric energy conversion
efficiency of 67%. Using their cost data, a com-
parison for the plant erection costs is given in
Table 2. The figures in the table do not include
the land costs and are based on 1.0 kWh of output
electric energy from the plant during the discharge
period. It is seen that the key plant components
included in the objective function constitute a
major contribution to the total plant erection cost.
The optimal operating conditions not only increase
the electric-to-electric efficiency from 67% to 75%
but also results in a reduction of the plant erection
cost from $109.8 kW' h™! to $88.7kW' h™%,
Based on a 200 MW h energy output, the optimiz-
ation decreases the erection costs from $21.96
million to $17.75 million; this represents a net
saving of $4.21 million. No life-time tests have,
however, been reported for the hydrogen—chlorine
energy storage system and the optimal operating
conditions should also take the results of such
tests into account.

4. Conclusions

Using a nonsteady-state mass and heat balance, a
mathematical model has been presented for the
optimization of an electrochemical hydrogen—
chiorine energy storage system. Numerical calcu-
lations have been made to minimize the capital
investment of a 20 MW/200 MW h plant operated
on a cycle of 10h charge and 10h discharge. Based
on the existing data for the cell performance, the
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Table 2. Cost comparison between the optimized and unoptimized operating conditions (basis §kW™' h™!)

Optimized Unoptimized [31]
(a) Materials
(i) Chemicals H, $ 0.01 $ 0.01
i Cl, 0.17 0.17
(ii) Equipment
Fuel cell stack 8.5
Hydrogen storage 9.5
HCI/Cl, storage 3.1
Key components { Heat exchanger 6.0
Pump 1.8
Pipe 3.0
Sub-total 31.90 53.00
Safety
facilities 345 345
Compressed air and H,0
Other Generation and distribution
utilities Sewerage
Extra HCl storage 9.91 9.91
Metallic structure 1.65 1.65
Instruments 1.64 1.64
Plant electric power and network and motors 0.83 0.83
Sub-total 49.56 70.66
(b) Erection labour 19.73 19.73
(c) Engineering fees 12.08 12.08
(d) A.c./d.c. power condition 7.36 7.36
Total $88.73 $109.83
(e) Operating conditions
Current density (Am™2) 1900 2250
Trnax (K) 343 368
X; 0.3 0.35
(f) Overall electric-to-electric efficiency (%) 75.0 66.6
cost assessment and the physical and the thermo- and helpful discussions. This work was carried out
dynamical properties, the optimal operating par- under the auspices of the United States Depart-
ameters are found to be: i = 1900 Am™2; Tippx = ment of Energy.
343 K and X; = 0.3. Under these conditions the
plant will be 75% efficient, and the capital cost References
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