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ABSTRACT
Several methods to recover zinc from zinc oxide are reviewed and are put in the context of
Zinc-Air Fuel Cells (ZAFC) feasibility to power electric vehicles (EVs). These methods can be
classified in two groups: electrowinning and carbothermal. Electrowinning methods are based
on electrolysis, have been employed since decades in the conventional zinc production and are
found to be very convenient for this application if the electricity needed is generated from
renewable sources. Carbothermal methods are recent but have great potential, especially the
SOLZINC process where biomass-based carbon feedstock is used to lower the operating
temperature and reduce energy losses. Finally, three fuel reprocessing and distribution models
are analyzed: centralized, distributed and in-car model. Three stages to implement ZAFC
recharging systems are identified, starting with centralized model due to economies of scale
and ending in in-car reprocessing model due to its full potential to compete with existing and
future plug-in EVs.
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1. Background

1. Background
The U.S. economy is strongly dependent on fossil fuels which are not renewable and, according
to some studies, oil reserves will be depleted in the following decades [1]. In addition, fossil
fuels combustion products such as SO2, CO2 or NOx have a very negative impact on the
environment and are responsible for the acceleration of the climate change.
Of all the energy consumption in 2009, almost 30% was consumed in transportation of goods
and people and it relied mostly on fossil fuel sources (97%) [2]. Any effort in order to reduce the
transportation dependence on fossil fuels will increase significantly the sustainability and
security of the U.S. energy system, as well as reducing the environment pollution and mitigating
the climate change.
In this context, finding new alternatives to fossil fuels to power vehicles is a real and urgent
need. There are many car manufacturers that are developing new systems to use other sources
of energy such as biofuels or electricity. Important efforts have been made to electrify vehicles
and many of the results can be found in the current market and auto shows, mostly as plug-in
hybrid vehicles powered by different kind of batteries.
A new approach to power electrical vehicles (EV) is being developed. Briefly, it consists of a
Zinc-Air fuel cell system (ZAFC) that is fed with solid zinc pellets and potassium hydroxide
electrolyte (KOH) and produces electricity and zinc oxide (ZnO). This product is later reduced to
zinc in order to close the fuel cycle.
As discussed later, this system has a great potential to be introduced in the future EV market,
but there are mainly two problems that need to be solved before:


Separation of the ZnO from the electrolyte inside the car in order to transport the spent
fuel in a safe and cost-effective way.



Find the best method to reduce the ZnO in order to close the fuel cycle.
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These problems are driving the research efforts of Dr. Francisco Ruiz and his team at the Illinois
Institute of Technology (IIT).
In this paper, after justifying the use of ZAFCs for EV, how they operate and identifying the main
problems that need to be solved, the main focus is in the different methods to reduce ZnO in
order to recover the zinc and close the fuel cycle. Other team members are testing different
devices to separate the ZnO from the electrolyte and will be published separately.
The main objective is to review and evaluate the potential and current status of each recovery
method and lay solid foundations for future research.

Why Zinc-Air Fuel Cells?
As discussed earlier, many efforts have been made in order to reduce the dependence on fossil
fuels for transportation. The most important alternatives that are being developed are biofuels,
batteries and fuel cells. All of them have some advantages and disadvantages for their use in EV
and are summarized in Table 1.
In the first place, biofuels have the great disadvantage that in order to produce enough fuel to
power the huge amount of vehicles – which is increasing with time –, the land needed is very
large. In countries where the land or the agricultural resources for food are scarce, this is not a
promising solution. Furthermore, even if there were enough land to grow crops for both food
and biofuels, the amount of water needed would be huge and not many countries have such
water resources. Apart from this, biofuels are burned in internal combustion engines just as
conventional fuels, limiting the efficiency (thermal combustion has lower maximum efficiency
than electrochemical reactions). Some biofuels like liquid hydrocarbons from cellulosic biomass
can be used for aircraft applications and may be a good alternative for that purpose [3].
Nevertheless, biofuels do not seem the best alternative to power vehicles.
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Table 1. Advantages and disadvantages of different energy technologies.

Technology

Advantages

Disadvantages

- Reduce Greenhouse gas emissions
- Can use existing infrastructure
- Biodegradable
- Renewable
- Can be used for aircraft

- High capital cost
- Require lots of land
- Increase price of other agricultural products
- Increase soil erosion and deforestation
- Lots of water needed to grow plants
- Limited to internal combustion efficiency

Batteries

- Closed system, no need to manipulate
chemicals
- High efficiency (no thermal combustion)
- Eliminate pollutant emissions

- Must be plugged to the grid to recharge
- Electric grid may be over-demanded
- Use of fossil fuels in hybrid cars (higher
mileage)
- Long charge time (hours)
- Low specific energy (Wh/kg)
- Low energy density (Wh/liter)
- Higher cost than fuel cells

Fuel Cells

- No need to be plugged to recharge it
- Can be refueled quickly (minutes)
- High specific energy (Wh/kg)
- High energy density (Wh/liter)
- Lower cost than batteries
- High efficiency (no thermal combustion)
- Eliminate pollutant emissions

- Open system, need to manipulate chemicals
- Surrounding engineering systems
- Cost of chemicals transportation and
infrastructure to distribute them

Biofuels

In the second place, Battery electric Vehicles (BEV) have two main advantages that make them
a very interesting alternative:


Batteries are closed systems: there is no need for the user to manipulate the chemical
substances and therefore they are safer than fuel cells.



High efficiency: due to electrochemical reaction instead of thermal combustion.
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Nevertheless, there are some disadvantages that are a serious barrier for their use in EV [4]:


Low specific energy (Wh/kg) and energy density (Wh/liter): batteries are heavier and
bigger than fuel cells + tank to store the same amount of energy. That traduces in
heavier cars per mile driven and more space needed in the car to put the batteries.



Must be combined with fossil fuels or biofuels (hybrid cars) in order to increase
autonomy to at least 300 miles with a reasonable sized battery.



BEV must be plugged into the electrical grid to recharge them: this is a great
disadvantage because it takes from 4 to 8 hours to recharge them, decreasing the
flexibility to use them.

Therefore, batteries may be an excellent solution for other applications but seem to be
inconvenient for EV.
Finally, a fuel cell works like a battery but it has a significant difference: it is an opened system
that only works in discharge mode. Therefore, in order to close the fuel cycle and get fresh fuel,
it does not need to be plugged into the electric grid like batteries; it is done outside the system.
For some applications this may be not significant or it may be a disadvantage, but for EV this
can be a great advantage and increase significantly the autonomy and flexibility to use them.
The main advantages of Fuel Cell Electric Vehicles (FCEV) are:


FCEV do not need to be plugged into the grid: spent fuel is reprocessed outside the
vehicle.



The vehicle is recharged with fresh fuel in a time similar to conventional vehicles (less
than 15 minutes).



High specific energy (Wh/kg) and energy density (Wh/liter): unlike batteries, one or
more of the reactants are stored outside the system and does not need to be carried in
tanks, resulting in higher ranges for the same size and weight of the device. This is a key
strength for their use in EV.

This approach to EV has some disadvantages too:


Because it is an opened system, some dangerous chemicals (specially electrolyte) can be
in contact with the user when manipulated. Some engineering solutions are needed to
mitigate the risk.
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Extra cost to develop new infrastructures to transport fuel from production plants to
refueling stations (centralized or distributed model will be discussed in Chapter4).



Need to develop refueling systems to introduce the fresh fuel in the tank while
recovering the spent fuel from the tank in a safe and quick way.



Engineering systems required to guarantee a continuous and correct inlet and outlet
flow.

In summary, fuel cells seem to have the greatest potential for their use in EV because those
issues that have little or no room for improvement because are inherent to their nature (energy
density, specific energy, etc.) are more favorable than batteries. Nevertheless, more research is
needed to solve the challenges, which can be reduced to cost and engineering problems
(auxiliary and refueling systems, distribution infrastructure, etc.).
Many types of fuel cells have been developed for different applications. The most popular is the
Hydrogen Fuel Cell (HFC) and it has been used since decades ago, specially in spacecraft and
stationary facilities, and recently in EVs [5]. Nevertheless, HFC has some disadvantages
compared to ZAFC [6], [7]:


Hydrogen is a high volatile gas and it is difficult and expensive to store the amount of
hydrogen needed to drive for 300 miles. The more mileage, the more H2 and the more
pressure you need to store it in a given volume. It is also difficult and dangerous to
distribute it.



Although H2 is the most abundant element in the universe, it is mostly combined with
other elements. Therefore, in order to obtain pure H2, a lot of energy is needed and
nowadays the most cost-effective way to do it is by steam reforming from natural gas,
with important CO2 emissions. There are other ways to obtain hydrogen like electrolysis
but are not cost-effective at the moment.



Electrodes need platinum (Pt) to catalyze hydrogen and oxygen electrochemical
reactions and no other metal tested has been successful. This metal is very expensive
and scarce and, if demand increases, prices will increase too (on July 15th, 2011 price
was $1756 per oz. [8] ). Actually, price volatility of platinum is very high and it is not
convenient for an industry to depend on this kind of raw material (in 2008 the price
ranged from $774 to $2,252 per oz. [9])
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Although HFC research institutions are receiving funds from private companies and
governments due to its popularity as a clean system, a lot of ignorance exists regarding the
safety, overall efficiency and emissions of the process (well-to-wheel).
Therefore, more research is needed in order to find other kind of fuel cells that are more
appropriate for EV applications. In this sense, the following advantages of ZAFC have been
identified:


Catalysts are made of non-precious metals such as MnO2, Ag, Co3O4, LaNiO3, etc. [10].



High energy density (225 Wh/liter) and specific energy (110-330 Wh/kg) [7], [10], [11],
[12].



Zinc is the fourth most common element in the earth crust and is distributed all over the
world [12]. This would decrease the dependence on unstable countries and secure a
continuous supply at a fair price.



Commercial methods to produce zinc from mines and waste products (galvanizer’s
ashes, tires, etc.) already exist.



Spent fuel (ZnO) can be recycled to obtain fresh zinc pellets and close the fuel cycle. This
is key for the success of ZAFC on the large scale and in Chapter 3 different technologies
will be studied.



Unlike most batteries that, in case of short circuit they discharge very quickly or produce
gases as H2 that may heat the battery in excess and begin a fire, ZAFC immediately stop
discharging and, therefore, are safer [12].



Quick recharge time (5-10 minutes) that increases flexibility to plan trips.

Particularly, ZAFC have some disadvantages that HFC do not have and need to be solved:


ZnO tends to precipitate inside the fuel cell and reduces the active area of the
electrodes. More research is needed to avoid this.



In order to reduce transportation costs of spent fuel to the reprocessing plants, ZnO
must be separated from electrolyte inside the car. Engineering systems are needed to
do this in an efficient and continuous way.



More research to find a method to reduce ZnO and obtain fresh zinc pellets in a largescale and cost-effective way.
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Need of a new infrastructure to distribute and reprocess the solid ZnO and zinc.

In Chapter 3, different methods to reduce the ZnO are identified and discussed in order to
determine which has the greatest potential for this application. In Chapter 4, centralized and
distributed models are compared.

11

2. ZAFC operating principles

2. ZAFC operating principles
A Zinc-Air Fuel Cell works as shown in Figure 1 [13]:

Figure 1. ZAFC electrode reactions.

At the cathode, oxygen reacts with the water of the electrolyte and is electrochemically
reduced to hydroxide ions that travel through the electrolyte to the anode, where they react
with Zn and produce ZnO, water and electrons. These electrons travel through an external
circuit and produce electricity. The net reaction consumes zinc and oxygen and produces ZnO,
heat and electrons.
The theoretical open circuit voltage (OCV) of a ZAFC defined by thermodynamics is 1.65V, but
there are some activation losses that decrease the OCV to about 1.45V [14]. Apart from this,
there are other kinds of losses when the fuel cell operates at different current densities. These
losses can be identified in the polarization curve like the one shown in Figure 2, usually for the
air cathode, which relates cell voltage and current density [11]:
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Figure 2. ZAFC polarization curve example.

There are 3 regions where different kinds of voltage losses (overpotential) predominate [15]:


Activation losses at OCV and low current densities due to kinetic limitation of the
reaction as deduced from Faraday’s law. Reaction rate at the catalyst active surface is
slower than the oxygen mass transport through the interphase, resulting in an
accumulation of oxygen and voltage loss.



Ohmic losses at mid current densities due to electric resistance of different conductive
fuel cell components.



Mass transport losses at high current densities due to the impossibility to provide the
catalyst active surface with enough reactant. Oxygen diffusion through interphase is
slower than the rate at which it is consumed in the catalyst surface, resulting in a
voltage loss.

The limiting current density (iL) is defined as the current density at which the mass transport is
so slow compared to the reaction rate that the concentration of oxygen at the catalyst layer is
zero. This is the maximum current density the fuel cell can produce.
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One of the greatest advantages of this technology is that the spent fuel (ZnO) can be reduced to
Zn through different methods in order to close the fuel cycle and, therefore, get a sustainable
system as shown in Figure 3 [16]:

Figure 3. Fuel cycle in a Zinc-Air Fuel Cell system.

Basically, the zinc pellets are consumed in the ZAFC that produces electricity and ZnO (spent
fuel), which is then reduced to zinc in order to form new pellets and distribute them to
refueling stations.
The different methods to reduce the ZnO are explained in the following pages.
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3. Zinc recovery methods
As explained before, once the zinc is consumed in the ZAFC, electricity and ZnO are obtained as
products. This spent fuel needs to be reconverted to zinc metal in order to close the fuel cycle.
In this chapter, different methods to reduce ZnO are discussed in detail in order to identify their
potential for this application, their current status and further research objectives.
This step is considered very important for the success of a ZAFC economy for transportation
because it has to be comparable in efficiency and cost to current fossil fuel systems in order to
encourage governs and private companies to invest in this technology. If the new required
infrastructure results to be very expensive and technically unfeasible, then other technologies
will catch the attention of investors.
Historically, zinc is obtained from zinc ore, which can be found in minerals such as blende,
sphalerit, marmatite or calamine and it contains 5-15% of zinc (as zinc sulfide, ZnS), so it needs
to be concentrated.
In order to obtain zinc from zinc sulfide, the direct reaction would be the following [17]:

Nevertheless, this reaction is not favored and needs more than 1300 °C to continue. Therefore,
conversion of zinc sulfide to zinc oxide (roasting), which is more reactive, is needed. This
reaction is:

Sulfur dioxide is then treated to obtain sulfuric acid, which is later used in the process or can be
sold to the market. After sulfur and other metals removal, zinc oxide is converted to zinc by
either electrowinning (also called hydrometallurgical, with more than >90% of current zinc
production) or pyrometallurgical methods at high temperatures.
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In the case of ZAFCs, pure ZnO is obtained from the fuel cell and, therefore, roasting and
sintering steps are not needed. Furthermore, pyrometallurgical methods are mostly employed
when zinc ore contains big amounts of lead, which is not the case of ZAFC systems, so these
methods will not be discussed. Nevertheless, carbothermal processes that use carbon at high
temperatures to reduce ZnO are considered within pyrometallurgical techniques.
Finally, there are many methods to recover zinc from secondary sources such as waste products
from galvanizer’s ashes, brass foundries, tires, etc. but will not be studied because only pure
ZnO treatments are considered in this project.

3.1. Electrowinning methods
The hydrometallurgical methods, also known as electrowinning or electrolysis, are the most
common in zinc production.
Just as hydrogen is obtained from water, metals can be obtained from their oxides by
electrolysis. When two electrodes are placed in a solution containing metal ions and an electric
current is passed between them, the metal can be deposited on the negative electrode. In the
recovery of most metals, oxygen is evolved from water at the positive electrode. An electrolyte,
and a current density, is generally chosen that gives a dense, compact electro-deposit, and
additives included in the electrolyte to further improve product quality [18].
There are different electrolysis methods that are explained below.

3.1.1. Zinc recovery by electrolysis with sulfuric acid
This is the most popular and established method where, after obtaining zinc oxide from zinc
sulfate, it is electrochemically leached with sulfuric acid as follows [19]:
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After leaching, purification by cementation is done in order to obtain high purity zinc. Then, the
electrolysis transforms zinc sulfate (ZnSO4) into zinc metal and sulfuric acid, which is
recirculated:

The process flowsheet is shown in Figure 4:

Figure 4. Electrowinning production of Zinc with sulfuric acid.

In the case of ZAFCs system for transportation, pure ZnO is obtained from the fuel cell and,
therefore, only the leaching and electrolysis step are needed.
In the electrolysis, zinc metal is deposited on the negative electrode and oxygen is evolved,
derived from water, at the positive electrode. The electrolyte typically contains 55 to 70
grams/liter of zinc as zinc sulfate and 150 to 200 g/l of sulfuric acid and is held at 35 to 38 °C
(system needs to include a cooler to maintain constant temperature because electrochemical
reactions produce 3.5 – 4.0 GJ/tonne of zinc produced). Small, controlled quantities of glue and
antimony are added to the electrolyte to help form a smooth deposit. The positive electrode in
17
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zinc electrowinning is made from Pb-Ag alloys; oxygen evolution is promoted on these alloys
and lead dissolution, which would contaminate the zinc product, is avoided. With this
electrodes, a current density between 400 and 800 A/m2 is employed (to optimize power), and
this gives a cell voltage of 3.3 - 3.5 V/cell, an electrical energy consumption of 3.25 – 3.80
kWh/kg of zinc produced and a current efficiency of 90 – 95%. New materials for anodes were
investigated by Huang et al. and claim to achieve better results with a Polyaniline anode (2.46 –
2.70 kWh/kg and 3.2 – 3.35 V), with a 20% energy savings [19], [20], [21].
The anode and cathode reactions are:
Anode:
Cathode:
Electrolysis with sulfuric acid is well known and is commercial, which is an advantage, but it is
high energy intensive, which is a serious disadvantage for large scale applications. Another
disadvantage is that it is designed to obtain zinc from zinc ore, which contains lots of impurities.
In the case of ZAFC, where pure zinc oxide is produced, this process may not be optimized and
other alternatives are explored in the following pages.

3.1.2. Zinc recovery by electrolysis at nickel electrodes
Zinc is recoverable from alkaline solutions of zinc oxide and potassium zincate by electrolysis
between nickel electrodes, according to the reaction:

The standard electrochemical potential for the overall reaction is 1.619 V. The oxygen is
produced at the nickel anode, but the zinc particles that are formed do not adhere well to the
18
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cathode surface. Therefore, a simple bipolar electrolysis cell with sloped electrodes has been
designed and is shown in Figure 5 [22]. As it can be seen, this configuration allows deposition of
zinc particles on the upwards-facing surface of nickel plates, while downwards facing anodic
surfaces sustains oxygen formation.
As oxygen gas bubbles are formed, they tend to move upwards and hit the anode surface,
increasing the electrolyte convection and transport through the cell.

Figure 5. Electrolysis with nickel electrodes.

Two cells were operated at nearly constant voltage, while temperature and current were
allowed to rise during electrolysis (Figure 6). The electrolyte contained 100 g-Zn/L dissolved in
12N KOH.
The operating conditions of a 2-cell electrolyzer with an electrode area of 25 cm2 were:


2-cell voltage was constant at 4.2 V.



Current density < 1000 A/m2.
19

3. Zinc recovery methods


Energy consumption was 1.8 kWh/kg.

The cell hardware is potentially inexpensive and therefore favors operation under low-rate,
energy-efficient conditions.

Figure 6. Voltage, energy use and temperature of a 2-cell electrolyzer with Ni electrodes.

Finally, zinc deposition in electrodes is well known because of its application to corrosion
resistance of metals and this method seems to have a high potential because a simple and lowcost design can obtain high efficiencies and low energy consumption. Further research is
needed in order to scale it up.

3.1.3. Zinc recovery using a hydrogen depolarized anode
In this method, a porous carbon anode catalyzed with Pt drives the hydrogen oxidation in order
to recover zinc from ZnO [22]. The overall reaction is:
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Hydrogen electrodes have been studied and developed since decades, specially for Hydrogen
Fuel Cells in spacecraft applications, having more than 72,000 hours of lifetime.

Figure 7. Hydrogen depolarized electrolyzer.

Cooper tested an electrolyzer with a hydrogen anode from Eagle-Picher (Ni/H2 No. 437) with an
active area of 20 cm2. The cathode was a plate of oxidized nickel support at a distance of 6 mm
from the anode so that electrolyte could flow in between by natural convection (Figure 7). The
electrolyte contained 100 g-Zn/L dissolved in 12N KOH and the operating conditions were:


Open circuit voltage (OCV) was 0.49 V (higher than theoretical 0.39 V due to losses).



Temperature 28 °C.



Current density < 1000 A/m2.



Linear polarization curve that shows the resistance losses in the electrolyte (Figure 8).

When the gap between electrodes was reduced from 6 mm to 3 mm and the temperature risen
to 40 °C, the resistance was reduced, natural convection was induced and a potential of 0.6 V
and a current density of 800 A/m2 was achieved. More research is needed in order to scale it
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up because there are some issues like natural convection that are unlikely to work at large
scale.

Figure 8. Polarization curve of a hydrogen depolarized electrolyzer.

The theoretical potential, compared to electrolysis at Ni electrodes (0.39 V vs. 1.619 V), allows a
theoretical saving of 1.5 V, making this approach very interesting. Cooper compared the overall
efficiency (natural gas to electricity) of the Ni electrolysis method explained before, the
Hydrogen Fuel Cell (HFC) and the H2/Zinc method. The energy flow is shown in Figure 9.
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Figure 9. Comparison between classic electrolysis, HFC and H2/Zinc electrolyzers in terms of overall efficiency.

As it can be seen, H2/Zinc electrolyzers have an efficiency which is slightly higher than HFC and
considerably higher than conventional electrolysis when the electricity comes from natural gas
plants in all cases. Nevertheless, the effect of carbon emissions is not taken into account and
the conventional electrolysis can be run completely with renewable electricity because it does
not need hydrogen. For the other two methods, in order to produce hydrogen, the most costeffective method that is currently available is by steam reforming from natural gas, which has a
lot of CO2 emissions. If in the future better and cleaner methods to produce hydrogen are
developed, the H2/Zinc method will need to be seriously considered.
Another big disadvantage of this technology is that current hydrogen electrodes use precious
metals such as Pt to catalyze the electrochemical reduction of hydrogen. These metals are
scarce, not well distributed and very expensive and this is a big problem for large scale
applications. More research is needed in order to identify new catalysts based on abundant and
cheap materials.
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3.2. Carbothermal methods
Pyrometallurgical processes are based on the reduction of zinc oxide with carbon or carbon
monoxide. To carry out this high temperatures are needed according to the reactions:

As a consequence of the high temperatures required, zinc vapor is obtained and it has to be
collected in a condenser. Some of the methods utilized are Horizontal Retort, Vertical Retort,
Imperial Smelting and Electro thermal [19], which will not be explained because they are mostly
employed when zinc sources contain big amounts of lead and other metals, which is not the
case of spent fuel from ZAFC.
Nevertheless, there are other methods that also require heat (from the sun) and carbon to
reduce zinc oxide and are called carbothermal methods. There are mainly three methods that
use solar energy to obtain zinc from ZnO:


Direct solar thermal dissociation of ZnO



Carbothermic reduction of ZnO with solid carbon (SOLZINC process)



Carbothermic reduction of ZnO with methane (SynMet process)

3.2.1. Thermal dissociation of ZnO
In this process, no reducing agents are needed and, therefore, very high temperatures are
needed instead to drive the thermal dissociation of ZnO as follows [23], [24]:

One big advantage of this process is that it is completely independent of fossil fuels and only
depends on solar radiation, making it a sustainable and environmentally friendly process to
obtain zinc from zinc oxide. Another advantage of this technology is that zinc product contains
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all the energy of the products (zinc and oxygen) as opposed to other methods in which, apart
from zinc, other gases such as CO, CO2 or H2 are formed.
A big disadvantage is that when operating at temperatures above 2000 K, the system becomes
very inefficient because losses due to re-radiation increase with the fourth power of the
absolute temperature (T4). New materials to operate more efficiently at these temperatures are
needed. Furthermore, because of high temperatures, zinc product is gaseous and needs to be
condensed, reducing the overall efficiency unless the heat extracted is efficiently used
somewhere else in the process.
Another big disadvantage that makes this process inefficient is that zinc and oxygen gases tend
to recombine and form ZnO, reducing the efficiency even more. A very quick separation known
as quenching has been proposed in order to avoid recombination.
A scheme of the solar reactor is shown in Figure 10 [24]:

Figure 10. Solar reactor for thermal dissociation of ZnO.

A prototype of 10 kW is under development at Paul Scherrer Institut in Switzerland and at the
University of Colorado.
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This technology is very interesting because it does not rely on fossil fuels, but it has significant
problems that are related to its own operating nature (mainly energy re-radiation and product
recombination) and have little space for improvement. Its theoretical solar-to-fuel reactor
efficiency is 40% assuming a 50% sensible and latent heat recovery and an incident solar
concentration ratio of 500, at 2000 K [25].
In order to operate at lower temperatures and reduce the effects of re-radiation and
recombination of products, a reducing agent is needed to drive the reaction. Carbonaceous
materials such as solid carbon (SOLZINC process) or methane (SynMet process) have been
proved to give good results.

3.2.2. SOLZINC process
In the SOLZINC process, ZnO reacts with solid carbon to obtain zinc and CO according to the
following reaction:

The temperature needed to drive this reaction at reasonable rates is about 1100 – 1200 °C,
significantly lower than solar thermal dissociation [24]. As shown in Figure 11, the solar
radiation is reflected in mirrors and concentrated in a solar tower and then it enters the solar
reactor where the endothermic reduction of ZnO takes place, with emission of CO. The zinc
obtained could be used to produce hydrogen in a water-splitting reactor or to produce
electricity in a ZAFC, which is the case of interest of this project.
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Figure 11. SOLZINC process integrated with electricity generation in a ZAFC.

A two-cavity batch solar reactor scheme is shown in Figure 12.

Figure 12. Two-cavity solar reactor for carbothermal reduction of ZnO (SOLZINC).

27

3. Zinc recovery methods
This reactor is designed to receive the concentrated solar radiation in the top from a solar
tower as shown in Figure 12. This way, the solar reactor can be installed in the ground.
A mixture of solid ZnO and carbon particles receives indirectly the solar radiation through a thin
wall that separates the upper and lower cavities. The reduction of ZnO takes place and it
produces gaseous zinc and carbon monoxide. This mixture enters the condenser and the zinc
sublimates to solid state in form of thin particles. The carbon monoxide is then separated with a
ceramic filter to obtain pure zinc.
As carbon source, many materials are available, but biomass-based beech charcoal has been
proved to react faster and at lower temperatures, as shown in the thermogravimetry in Figure
13. Because this material is biomass-based, SOLZINC process results to be almost carbon
neutral and definitely better than electrowinning methods that use electricity produced from
non-renewable sources.

Figure 13. Thermogravimetric results to compare different carbon sources.
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Two kinds of efficiencies were identified by Steinfeld et al. to describe a 300kW pilot plant that
produces 50 kg of zinc per hour:


Thermal efficiency defined as the ratio of the energy absorbed to the total solar energy
input and resulted to be ≈30%.



Process efficiency defined as the ratio of the lower heating values (LHV) of produced
zinc and CO to the sum of the solar energy input and the heating value of the carbon
consumed. It turned to be also ≈30%.

Reasons for the losses are mainly reflection of the concentrated sunlight at the quartz window
and re-radiation through the aperture and walls. Efficiencies around 50% can be achieved with
optimized reactor design.
Apart from the 300 kW tested pilot plant and based on the results obtained, a 50 MW and 30
MW commercial plants were designed and are expected to produce 1.7 and 10 tonnes of zinc
per hour, respectively. The solar-to -fuel efficiencies are expected to be 57% for the 5MW plant
and 64% for the 30MW [26].
It has been estimated that the cost of producing electricity through this method in addition to a
ZAFC system is about 0.15 €/kWh and 0.30-0.40 €/kWh for a 30 MW and a 5 MW solar plant,
respectively.
The main advantages of this technology are that it uses renewable solar energy to produce zinc
and a biomass carbon feedstock so that the process is carbon-neutral and works at lower
temperatures. Nevertheless, some challenges exist regarding better design to minimize energy
losses and perform a quick and efficient separation and condensation of zinc.

3.2.3. SynMet process
This process is similar to the SOLZINC, but instead of using carbon as a reducing agent, methane
is used and the reaction yields zinc and syngas as follows:
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This reaction takes place at temperatures above 1075 °C. The reactor design for a 5 kW pilot
plant is different compared to the SOLZINC reactor and operates continuously (Figure 14)[27].
The chemical conversion for zinc oxide was 100% and for methane 96%. The thermal efficiency
was about 15-22%, but may be increased in further large scale applications by recovering heat
from the products.

Figure 14. Solar reactor to produce zinc and syngas (SynMet process).

In this process, the zinc product is also gaseous and needs to be cooled down quickly in the exit
to separate it from the syngas.
The main advantage of this process is that it allows building a very flexible energetic scheme
where zinc is produced to store energy and use it later in ZAFC to generate electricity or to
produce hydrogen and then electricity in a HFC. The syngas produced can be used in existing
combined cycle plants to produce electricity, it can be used to make other products such as
methanol or it can be used to produce pure hydrogen also. This system is shown in Figure 15
[24].
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It has the same disadvantages as the SOLZINC process and also that it uses a fossil-fuel like
methane to drive the reaction. Nevertheless, this approach produces much less CO2 per kWh of
electricity produced than the conventional methods to obtain syngas or hydrogen.

Figure 15. Solar fuels based on ZnO/Zn cycle.

In Table 2 the three solar methods studied are compared. Regarding the operating
temperature, the worst case is the thermal dissociation because it needs more energy and the
losses due to re-radiation are higher. Nevertheless, the zinc produced in the thermal
dissociation contains all the energy of the products, which is not the case of the ZINCSOL and
the SynMet processes because they produce CO and syngas, respectively.
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Table 2. Comparision between solar thermal dissociation of ZnO, SOLZINC and SynMet processes.

Regarding the current status, the SOLZINC is the most developed with a 300 kW pilot plant
already tested and a 5 MW and 30 MW commercial plants designed.
Finally, there is little space for improvement for the thermal dissociation because the main
challenges are related to fundamental issues such re-radiation losses due to high operating
temperatures or recombination of zinc and oxygen in the exit.
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4. Fuel reprocessing and distribution models
Once the different methods to recover zinc from zinc oxide have been reviewed, it is very
important to think about the refueling model. There are three different possibilities:


Centralized reprocessing of zinc in big plants



Distributed reprocessing of zinc in small units



In-car reprocessing of zinc (plug-in vehicle)

Each one of the models has some advantages and disadvantages that need to be deeply studied
in order to build the most efficient refueling system that is possible. This has been identified as
a basic need for the success of ZAFC because some existing and new alternative technologies do
not have the need to build a new refueling infrastructure or the expenses are lower. Actually,
the Chicago Booth School of Business (University of Chicago), in cooperation with Dr. Ruiz’s
project team, identified the strengths and weaknesses of ZAFC for their use in EVs and also
determined the research opportunities for our team at IIT. These are explained in the study
presentation in the APPENDIX at the end of this report.
In the following sections the three models are analyzed.

4.1. Centralized reprocessing model
In this model, reprocessing of spent fuel is done in one big plant (via electrowinning or
carbothermal methods) as shown in Figure 16. The spent fuel is sucked out from the fuel tanks
in the refueling stations and taken to the reprocessing plant where zinc is recovered and
redistributed to the refueling stations or at-home refueling units. The transportation of fresh
and spent fuel should be done by the most cost-effective way (truck, train or ship) depending
on each region. Actually, the reprocessing plants should be located near a big river or an
important railroad because it is cheaper than using trucks.
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This infrastructure model has some advantages:


Easy and quick to implement because few plants are needed in a very big region.



Low transportation and reprocessing costs due to economy of scale.



Easily scalable to bigger markets.



Reprocessing can be done via carbothermal methods because these kind of plants need
big space to install enough solar reflectors.

Figure 16. Centralized reprocessing model.

Nevertheless, there are some barriers or disadvantages of this model:


Need of filtration and separation systems to transport spent fuel in a cost-effective way
(transport ZnO without electrolyte).



Development of external refueling systems to introduce fresh fuel in the tank while
sucking out the spent fuel.



Requires storage tanks at the refueling points in order to guarantee fuel disposal at any
moment, just as in current refueling stations.
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Transportation of fuel is not “green” because big vehicles such as trucks, trains or ships
are difficult to power with renewable fuels or electricity.

Therefore, this model is adequate in a first stage of ZAFC implementation because costs are low
and in regions that are near the main transportation channels.

4.2. Distributed reprocessing model
In this model reprocessing is done via recharging systems that are located on-site (at-home or
refueling stations), as shown in Figure 17.

Figure 17. Distributed reprocessing model.

This configuration has some advantages:


Eliminates the need of distribution infrastructure and the carbon emissions related to it.



No need of storage tanks so that refueling units can be located both in the houses or
refueling stations.



High flexibility because of short recharging time (minutes).
35

4. Fuel reprocessing and distribution models


Existing electric grid and compatible with distributed electricity generation such as solar
panels.

The disadvantages are the following:


Need of separation and filtration of ZnO because electrolyzers use acidic solutions as
electrolyte, not alkaline solutions like KOH.



Need of engineering systems to ensure safe manipulation of electrolyte.



Need to develop efficient electrochemical recharging units.



Development of external refueling systems to introduce fresh fuel in the tank while
sucking out the spent fuel.



Not compatible with carbothermal methods, only electrochemical methods available.



Electricity must be produced from renewable sources in order to result in a sustainable
and clean system.



Recharging units must be priced similar to existing plug-in technologies.

Therefore, this model is adequate for a second stage where required refueling and reprocessing
systems are cost-effective and safe, and electric grid is completely integrated with renewable
energy systems.

4.3. In-car reprocessing model
In this model, reprocessing is done with electrochemical devices inside the car, so that external
recharging units are not required and existing EV recharging infrastructure is compatible. The
result is a plug-in car but with shorter recharging time than conventional electric vehicles
(minutes instead of hours). Another advantage is that there is no need to manipulate the
electrolyte or any other dangerous substance because all is done internally. Again, there are no
carbon emissions due to transportation of fuel.
Nevertheless, there are some barriers that make this approach difficult to implement with
existing technologies:
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Need of filtration and separation techniques just as in the other models because the
electrolysis is done in an acidic environment.



Need of smaller and inexpensive equipment in order to have enough space to include
reprocessing units. This gives the car manufacturers less flexibility to design them.



High dependence on electrical grid so that it may be over-demanded.

Therefore, this model seems to be the most expensive with the current technology but has a
great potential when cost-effective engineering systems are available and electrical grid is
upgraded to handle with the increase of demand in a sustainable and clean way.
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5. Conclusions and future research
In this project, different technologies to recover zinc from ZnO have been studied with the
objective to identify their potential, current status and lay the foundations for future research.
The conclusions are summarized in Table 3. Basically, in the short term, electrolysis with sulfuric
acid should be employed because it is a mature technology and the process is optimized.
Nevertheless, it is a high energy consumption process so investment is needed to develop other
promising solutions such as SOLZINC or SynMet processes because of their potential to build an
integrated zinc and hydrogen production system with solar energy that would give more
flexibility in the long-term.
Regarding the reprocessing and distribution models, the centralized model would be the first
stage due to its low cost and flexibility with respect to the recovery method (big solar
carbothermal facilities can also be integrated). If electrowinning is the reprocessing method
chosen, it should be located close to renewable energy parks such as wind farms or solar
facilities in order to store energy in zinc fuel when the electricity generation exceeds the
demand.
The second stage would be the distributed model where electrolysis is done in small units
located at residential or commercial points, saving a lot of money in transportation costs and,
therefore, reducing carbon emissions.
Finally, the third stage to implement and make ZAFC cars competent with conventional EV is
the in-car reprocessing of spent fuel. If there is a big advance in the following years in the
development of small and cheap electrolyzers, in addition to massive renewable-sourced
electricity, the first and second stages may be omitted.
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Table 3. Potential, current status and challenges of different zinc recovery methods.

Technology

Potential

Electrolysis with
sulfuric acid

Mature
technology

Electrolysis at Ni
electrodes

High

Electrolysis at H2
depolirized anode

Thermal
dissociation

SOLZINC process

SynMet process

Moderate
(H2 needed)

Status
Commercial
(conventional
zinc production)
Lab testing

Lab testing

Future research
- Optimize process for
pure ZnO feed
- Large scale tests
- Zinc deposition in Ni
electrodes
- Find clean and cheap
ways to produce H2
- Forced natural
convection at large
scale
- Explore non-precious
catalysts for oxygen
evolution

Low

Lab scale (10
kW)

- Improve solar radiation
absorption
- Quick zinc separation
- Heat recovery from
products

High

300 kW tested
5 - 30 MW
designed

- Improve solar radiation
absorption
- Quick zinc separation
- Heat recovery from
products

Lab scale (5 kW)

- Improve solar radiation
absorption
- Quick zinc separation
- Heat recovery from
products

Moderate
(CH4 needed)

Comments
- High energy consumption
- High current efficiency
- Electricity should be clean
- Low energy consumption
- High current efficiency
- Electricity should be clean
- Higher well-to-wheel
efficiency
- Savings of 1.5 V
- Electricity should be clean

- Theoretical efficiency of
40% not feasible due to
re-radiation and
recombination losses
- Not compatible with
distributed and in-car
model
- Biomass-based carbon
source
- Efficiency up to 64% in 30
MW plant
- Not compatible with
distributed and in-car
model
- Fossil-fuel carbon source
(CH4)
- Thermal efficiency up to
22% with possibility to
increase
- Flexibility to integrate
with HFC systems,
cogeneration and
commodities production
- Not compatible with
distributed and in-car
model

39

5. Conclusions and future research

40

BIBLIOGRAPHY
[1]. Campbell, Collin J. and Laherrère, Jean H. The End of Cheap Oil. Scientific American. March,
1998.
[2]. U.S. Energy Information Administration (EIA). Annual Energy Review 2009. Washington
DC : U.S. Government, 2010. p. 37.
[3]. Cellulosic Biofuels - Got Gasoline? Regalbuto, John R. 5942, Arlington, VA : Science, August
14, 2009, Science, Vol. 325, pp. 822-824. 10.1126/science.1174581.
[4]. Sandy, Thomas C.E. Fuel Cell and Battery Electric Vehicles Compared. H2Gen Innovations,
Inc. Alexandria, Virginia : s.n., 2009.
[5]. Fuel Cell. Wikipedia. [Online] July 5, 2011. [Cited: July 13, 2011.]
http://en.wikipedia.org/wiki/Fuel_cell.
[6]. Shpuntova, Galina, Ragsdale, Christopher and Lane, Brendan. Project Plan: Zinc‐Fuel Cell
Powered Car. Chicago : s.n., 2009.
[7]. Power Air Corp. Why Zinc? [Online] 2009. [Cited: July 13, 2011.]
http://www.poweraircorp.com/zafc/zafc3.php.
[8]. Johnson Matthey. Price Charts. Platinum Today. [Online] July 15, 2011. [Cited: July 15,
2011.] http://www.platinum.matthey.com/pgm-prices/price-charts/.
[9]. Platinum. Wikipedia. [Online] July 11, 2011. [Cited: July 15, 2011.]
http://en.wikipedia.org/wiki/Platinum.
[10]. A review on air cathodes for zinc–air fuel cells. Neburchilov, Vladimir, et al. 5, Vancouver :
Elsevier, 2010, Journal of Power Sources, Vol. 195, pp. 1271-1291. ISSN: 0378-7753.

41

[11]. Vasilescu, Denis. Investigating the technical and commercial merits of Zinc-Air Fuel Cells
for passenger electric vehicles. Mechanical, Materials & Aerospace Engineering, Illinois Institute
of Technology (IIT). Chicago, IL : s.n., 2010. MS Thesis.
[12]. Tahil, William. The Zinc-Air Battery and the Zinc Economy: a virtous cycle. Meridional
International Research. Martainville, France : s.n., 2007.
[13]. Power Air Corp. Zinc Fuel Technology. [Online] 2009. [Cited: July 18, 2011.]
http://www.poweraircorp.com/zinc-fuel-cell/.
[14]. Zinc–air fuel cell, a potential candidate for alternative energy. Sapkota, Prabal and Kim,
Honggon. 4, Seoul : Elsevier, July 25, 2009, Journal of Industrial and Engineering Chemistry, Vol.
15, pp. 445-450. ISSN: 1226-086X.
[15]. Barbir, Frano. PEM Fuel Cells: Theory and Practice. s.l. : Elsevier, 2005. pp. 39-46. ISBN-10:
0-12-078142-5.
[16]. Cooper, John F. Zinc/Air Fuel Cell: Stationary & Mobile Applications. Livermore, CA : s.n.,
2005. UCRL-Press-214862.
[17]. International Zinc Association. Zinc Production - From Ore to Metal. Zinc, essential for life.
[Online] 2011. [Cited: July 25, 2011.] http://www.zinc.org/basics/zinc_production.
[18]. Richards, Alan W. Zinc processing. Britannica Encyclopedia. [Online] [Cited: July 25, 2011.]
http://www.britannica.com/EBchecked/topic/657347/zinc-processing/82102/Electrolysis.
[19]. Porter, Frank C. Zinc handbook: properties, processing, and use in design. s.l. : CRC Press,
1991. pp. 1-34. ISBN 9780824783402.
[20]. Polyaniline anode for zinc electrowinning from sulfate electrolytes. Hui, Huang, et al. 1,
Kunming, China : Elsevier, December 30, 2010, Transactions of Nonferreous Metals Society of
China, Vol. 20, pp. 288-292. doi:10.1016/S1003-6326(10)60058-1 .

42

[21]. Woods, Ronald. Extracting metals from sulfide ores. Electrochemistry Encyclopedia.
[Online] Griffith University, October 2010. [Cited: July 27, 2011.]
http://electrochem.cwru.edu/encycl/art-m02-metals.htm.
[22]. Cooper, John F. and Krueger, Roger. The Refuelable Zinc-air Battery: Alternative
Techniques for Zinc and Electrolyte Regeneration. Lawrence Livermore National Laboratory
(LLNL), U.S. Department of Energy. Livermore, CA : s.n., 2006. UCRL-TR-218414.
[23]. Steinfeld, Aldo and Meier, Anton. Solar thermal ZnO-decomposition. Solar Technology
Laboratory. [Online] Paul Scherrer Institut, 1998. [Cited: July 30, 2011.]
http://solar.web.psi.ch/data/research/zno/roca/.
[24]. Zinc Electrodes: Solar Thermal Production. Steinfeld, A., et al. Amsterdam : Elsevier, 2009,
Encyclopedia of Electrochemical Power Sources, Vol. 5, pp. 469-486. doi:10.1016/B978044452745-5.00170-2.
[25]. A receiver-reactor for the solar thermal dissociation of zinc oxide. Steinfeld, A., et al. 2,
Zurich : ASME, 2008, Journal of Solar Energy Engineering, Vol. 130, p. 021009 (6 pages). DOI:
10.1115/1.2840576.
[26]. Towards the Industrial Solar Carbothermal Production of Zinc. Epstein, Michael, et al.
Zurich, Switzerland : ASME, February 2008, Journal of Solar Energy Engineering, Vol. 130, p.
014505 (4 pages). DOI: 10.1115/1.2807214.
[27]. Operational Performance of a 5-kW Solar Chemical Reactor for the Co-Production of Zinc
and Syngas. Steinfeld, Aldo and Kraupl, Stefan. Zurich, Switzerland : ASME, February 2003, Vol.
125, pp. 124 - 126. DOI: 10.1115/1.1530196#.

43

APPENDIX

44

45

46

Table of Contents
Introduction
Executive Summary
EV Market Analysis

Zinc Air Fuel Vehicle (ZAFV) Viability and Challenges
Refueling Model Options and Execution
Conclusion

Appendix

7

The EV market in the United States is growing
Early Majority 2010 - 2020

Mainstream

Market Size

1.3M potential

Reach sales of 6-8M electric vehicles/year

Profile

67% Male
HHI: $118K
100 Miles/Week
88% have garage & power
Urban & Suburban

Possible Segmentation:
Average American Profile: 51% Female
Location: Urban / Suburban / Rural
Purpose: Commuting / Shopping /
Traveling / Multi-Purpose
Primary / Secondary Vehicle

Drivers

1. Reliability
2. Purchase Price
3. Convenience
4. Cost to Recharge
5. Environmental Credibility
6. Government Incentives

1.
2.
3.
4.

Purchase Price
Reliability / Brand Recognition
Lifetime Cost
Battery Technology Development

2020 Prediction
Conservative: 1.9%; 285K units
Likely: 3.1%; 465K units
Aggressive: 5.6%; 840K units
Source: Selling Green in Today’s Market. GfK Research. October 2010.
Electric Cars: Implications for the Automotive Industry and Beyond. May 2010.
Electrifying Cars: How Three Industries will Evolve. McKinsey Quarterly, Number 3. 2009.
Appendix: Market Research
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Competitive Advantage of ZAFVs
Half of EV limitations solved by ZAFV
Range

70% of people surveyed would expect an electric vehicle to
travel 300 miles before they would consider purchasing one

Length of Charging Time

Current EVs take 30 minutes to 8 hours to charge

Price

73% of people expect to pay between $8K and $35K for an
electric vehicle

Familiarity with
Technology

Customers will be hesitant to use technologies that they are
not educated on or aware of

Brand Trust

Toyota, Honda, and Ford have brand
-permission in this
space due in part to the green brand equity they built
through hybrid sales

Infrastructure and
convenience

The infrastructure for charging the batteries of a large
number of electrified vehicles isn’t in place, nor is the
industry tooled to produce them on a mass scale.

Source: Electric Cars: Implications for the Automotive Industry and Beyond. May 2010.
Electrifying Cars: How Three Industries will Evolve. McKinsey Quarterly, Number 3. 2009.
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Summary of Refueling Models
Each model is scalable for any amount of vehicle concentration
Re-Oxidizing
Model

Model 1:
Centralized Charging
Model 2:
Distributed ElectroChemical Recharging
Model 3:
In-Car Charging +
Refueling

Phase Vehicle Home

Refueling

Gas
Factory
Station

Home

1

X

X

2

X

X

Gas Electrical
Station Outlet

X

1

X

2

X

X

X

X

X

X

X

X

X

X

X
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